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USE OF TEACHERS. 



APPENDIX I. 

THE LABOBATOEY. 

The first requisite for a course in elementary Phys- 
ical Measurement is a well lighted and uniformly 
heated room, with the ordinary precautions to secure 
good ventilation. Experience has shown that these 
advantages cannot practically be obtained in base- 
ments, however suitable the latter may be for certain 
scientific purposes. The first floor of a building, prop- 
erly supported by brick pillars to prevent vibration, 
has undoubted advantages for a course of measure- 
ments. The use of iron in construction should be in 
so far as possible avoided on account of its magnetic 
influence. 

If the room above a physical laboratory is to be 
occupied, there should be an empty space between 
the floor of that room and the laboratory ceiling. 
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The latter should not be supported by a rod or rods 
connecting it with the former, but by separate beams 
or trusses reaching to the walls. Under these condi- 
tions only will the vibrations of the upper floor be 
cut off. 

Sometimes, to avoid annoyance from this source, 
the laboratory is placed in the upper story of a build- 
ing. The advantages of skylights as a method of illu- 
mination, and rafters for purposes of suspension, have 
been justly urged. They are, however, offset by 
many practical objections, among which may be men- 
tioned the danger of leakage and the accumulation 
of dust, both occurring at inconvenient altitudes. 
Rafters are, moreover, not good points of suspension, 
since the roof of a building is very sensitive to the 
wind, and to other sources of vibration. For these 
reasons, and on account of economy in heating, attics 
are undesirable for the purposes of physical measure- 
ment. 

The best possible place in a large building for lab- 
oratory work is that usually set aside for lecture pur- 
poses ; namely, a two or three story room reaching 
from the first floor to the attic floor, and situated 
either in an L, or at one end of the building, so as to 
be lighted from three sides. The attic should be 
used solely for the storage of apparatus, or as a means 
of reaching different points in the laboratory ceiling, 
where suspensions, for instance, may be needed. In 
the absence of a two-story room, a staircase may per- 
haps be utilized for long suspensions when necessary 
(Exp. 65). 
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The laboratory should be situated as far as conven- 
ient from public travel, but not too far from the 
work-shop. It is hardly desirable that a powerful 
engine of any sort should be placed under the same 
roof as the laboratory. Even a smoothly running 
gas engine may interfere with delicate measurements. 
The neighborhood of dynamo and even telegraph 
wires should be avoided, and particularly vertical por- 
tions of such wires. Powerful currents, if admitted 
at all to the laboratory, should come and go through 
parallel wires (see IT 193, 8). 

The conditions here named are not so formidable 
as they may perhaps appear. A common square 
wooden building with an attic and basement, situ- 
ated in the middle of a field, has advantages for the 
purpose of physical measurement which some of our 
best institutions do not possess. 

It is well to have the laboratory ventilated by 
registers in the floor and ceiling. ' A large number of 
small registers in the floor is likely to cause less 
draught than one or two large registers. It is best, 
on account of dust, to heat the air before it enters 
the room, by steam. Furnace heat is, however, not 
objectionable if the pipes, furnace-chamber, and air- 
boxes are perfectly tight, so that no dust from the 
ashes can enter them. The floor, walls, and ceiling, 
should be finished in paint, wax, oil, shellac, or var- 
nish, so that they may easily be kept clean. Other 
precautions against dust will be spoken of later on. 

The window-sills, if of the ordinary pattern, should 
be at least 2 ft. 10 in. from the floor, in order that 
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work-tables or benches may be placed in front of 
them without cutting off the light. There should be, 
moreover, no obstacle — such as steam-pipes — to 
prevent such tables or benches from being set close 
to the walls. This is not only a matter of conven- 
ience in preventing small objects from falling behind 
the tables, but also in some cases the only means of 
making tables steady enough for delicate experi- 
ments. In some cases, such tables have to be sup- 
ported by pillars reaching to the basement; but this 
will not be necessary for elementary work. 

It is well, on at least one side of the room, not ex- 
posed to the sun, to have a wooden bench, 2 feet wide, 
2 in. thick, and 33 in. high, fitted permanentlj'' to the 
wall, and if necessary, into the window spaces. A 
small platform or balcony facing southward will be 
found convenient for experiments requiring direct 
sunlight. 

The windows on the sunny sides of the room 
should have blinds giving free access to air. White 
window curtains, closing from below upward, are a 
convenience, but by no means a necessity. Wooden 
shutters, or curtains of enamelled cloth almost en- 
tirely opaque to light, are needed on all the windows 
to obtain the best results in photometry, and are ab- 
solutely indispensable if experiments in photography 
(not included in this course) are to be made.^ 

The expense of arranging a laboratory so that it 
may be darkened is very much less than that of con- 

1 For the latter purpose, it would be well to have yellow glass set 
into one or two of the windows. 
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structing the customary " dark room" for photometric 
and photographic experiments, and has the advan- 
tage of furnishing plenty of air and space to the 
students. This arrangement is, however, practicable 
only when, as in the course of experiments which the 
author has planned, all the students are to work 
together at a given time upon a given class of 
experiments. 

There is no need, under these circumstances, of 
having a separate "weighing room" or a separate 
room for electrical measurements. Ordinaiy bal- 
lances and galvanometers, provided with glass cases, 
may generally be left in place without danger of 
injury. It may occasionally be desirable, during ex- 
periments with certain corrosive acids, to shut up all 
the finer apparatus in a cabinet, and for this reason 
such a cabinet should be provided. The cabinet 
should have glass sides and doors if possible, and 
plenty of shelves. It should occupy about ^^ as 
much floor space as is necessary altogether for the 
accommodation of students (see plan, page 906). 

The furnace flue should be built side by side with 

one or more ventilating flues in a chimney next one 

wall of the room. A small closet or " hood" should 

be built round the chimney (see plan). This hood 

is intended as a place to store batteries and chemicals 

from which noxious odors may arise. There should 

be a continual current of air passing into it from the 

room, and out through an opening near the top into 

one of the ventilating flues. It is convenient, but 

not necessary, to make this closet large enough to 

21 
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work in. A large wooden box placed in front of an 
open fireplace is an excellent substitute for a hood. 

There will be needed for lecture purposes, or for 
purposes of demonstration, a table of considerable 
size, about 34 in. high, not too far from one of the 
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walls where a blackboard may be placed, and in a 
position where it may be seen from all parts of the 
room (see plan). This table should be supplied with 
water, drainage, and gas, which can, in the absence of 
electricity, be used for both heating and lighting pur- 
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poses. If steam is used in the building, a steampipe 
leading to the table may also be a convenience. The 
table should be furnished with drawers and cup- 
boards, in which the lecturer may keep the greater 
part of the instruments which he will need during 
the course (see plan, A, B, and C, page 906). 

Other tables, 30-34 in. high,^ also furnished with 
drawers and cupboards for the use of students (see 
plan, 1-12) may be conveniently arranged in a hollow 
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square, so that the students working at them may 
face the lecturer. If the room is very small, all these 
tables may be built into one. The author has made 
use of a table (Fig. 2) 9 X 9 ft. square in lecturing 
to a class of 10 or 12 students, and in directing the 

1 30 inches if chairs are to be used hj the students, 84 inches if 
the students are to work standing, or to make use of high stools. 
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work of at least 6 students at one time. Around 
the outside of the table were 12 drawei's with small 
closets beneath them, so that each student had a 
special place for apparatus. Some such arrangement 
is necessary, to bring into play in the minds of stu- 
dents that sense of at least temporary ownership 
which lends interest to the study, as well as to the 
preservation of the instruments intrusted to them. 

In addition to the table or tables already men- 
tioned, a considerable number of common tables or 
benches may (if space permits) be utilized for instru- 
ments which are to remain permanently in place ; as, 
for instance, ordinary balances (Exp. 6), optical 
benches (Exp. 41), electric micrometers (Exp. 65), 
astatic galvanometers (Exp. 76), and '' dip " appara- 
tus (Exp, 77). These details will depend largely 
upon the system adopted for carrying on the course. 
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APPABATUS. 



The apparatus which will be required for the 
course of 100 experiments described in this book, 
and for a few outside experiments needed for the 
purpose of illustration, is catalogued below under 20 
heads, following the order in which the apparatus is 
wanted. The author has selected in the case of al- 
ternative methods, such apparatus as he himself has 
found most convenient to employ. 

1. For general use, — first, measures of length : (a) 
a Metre Rod^ graduated in millimetres either on 
wood, brass, or steel. Wooden rods have the small- 
est coefficient of expansion, are satisfactory^ and cost 
only about 25 cts. ; (6) a Measure graduated in cm. 
on cloth or steel tape 10 metres long (Fig. 224), 
cloth, costing about 75 cts. ; (js) a Q-auge (with ver- 
nier), reading to -^ mm.^ with a shaft 10 or 15 cm. 
long, made to order for about fl.OO in Paris (Fig. 2); 
and (d) a Long Grange with vernier reading to ^ mm.^ 
with a shaft 40 or 50 cm. long (Fig. 222), made to 
order for about f 1.50 in Paris ; one of these is enough 
for 5 or 10 students. Other instruments for the 
measurement of length will be found under 5. 
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Second, for the measurement of weight : (e) a Bah 
ance (20 kilo capacity) with weights (Fig. 188), cost- 
ing $5.00 or $10.00 ; one instrument enough for 5 or 
10 students ; (/) a Balance (flat pan) sensitive to -^ 
gram (Fig. 1), costing $3.00 or $4.00; (^r) Weights 
(iron) for ditto, cost about 50 cts. ; (e^.) Weights 
(1 eg. to 100 ^.)j costing from $2.00 to $5.00 (c, Fig, 
4). Other instruments for the measurement of 
weight will be found under 8. 

Third, for the measurement of time, (K) a Clock 
with a wooden seconds pendulum (Fig. 152), to which 
a break-circuit may be attached, so as to re-enforce the 
ticks by electrical means. The second-hand can be 
made also to close a circuit, so as to give the signals 
(needed for the determination of rates of cooling) 
once or twice a minute. Such a clock (without con- 
nections), made by the Seth Thomas Co., costs about 
$20.00. One is of course enough for all students. 

Fourth, (i) a Barometer (aneroid), costing $5.00 or 
$10.00 (4, Fig. 53) ; one for the whole class ; (y) one 
Hygrodeik^ (Fig. 13), for the whole class, $5.00 or 
$10.00; and (A) a Thermometer (Fig. 61), 0° to 100^ 
Centigrade, graduated on glass stem, costing about 
$1.00 in Europe, and $3.00 in the United States, — if 
possible, one thermometer for each student. 

Finally, (V) a Lens or magnifying glass (Fig. 34), 
costing about 50 cts.; (m) a spirit Levels costing 

1 A substitute for a hygrodeik consists of a pair of thermometers, 
one of which has its bulb surrounded with wet lamp-wicking. The 
readings of these thermometers are to be interpreted by Table 15. 
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about the same; and (n) some wooden Bloeksy on 
which to mount apparatus. 
Total cost, $40.00 to 160.00. . 

2. Preliminary Ezperiments (I. to IV.) : (a) a 
wooden Block (about 10 cm, cube) ; (6) a similar 
Block hollowed with an auger 5 cm, in diameter to a 
depth of 8 cm., then closed by a wooden plug even 
with one surface ; (c) a small Block about 8 cm. cube, 
— all of these blocks oiled or paraflBned to make them 
impervious to water ; (cZ) 10 or 12 steel Balls^ such 
as are used in the bearings of a bicycle wheel, weigh- 
ing about 30 grams (or as much as a hydrometer can 
float), and costing about $1.00; («) a Brush of 
camel's-hair ; (/) and a NicholsorCs Hydrometer (Fig. 
4, page 8), costing from $3.00 to 15.00. 

A gauge, balance, weights, thermometer, &c., have 
already been mentioned (1, (c), (/), (^), (c^), (ft), &c.). 
In the rest of this list the names of instruments once 
mentioned will not in general be repeated. 

Total cost, $5.00 to $7.00. 

3. The Balance (Exps. V. to X.) : (a) a Balance^ 
sensitive to 1 cg.^ either uncovered as in Fig. 14, page 
26, or with a glass case (Fig. 15, page 28), and cost- 
ing from $6.00 to $22.00. The capacity of the bal- 
ance should be at least 1 00 grams ; (6) a Barodeik 
(Fig. 14, page 26) consisting of a litre flask hermeti- 
cally sealed, and counterpoised by pieces of window 
glass. Such a flask should cost not over $1.00. It is 
well to have one such flask and counterpoise perma- 
nently mounted on a special balance (sensitive to 
1 <?^.) with a paper scale especially constructed so as 
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to show the density of the air. The complete instru- 
ment ought not to cost more thaii flO.OO ; (<?) a Bar- 
ometer tube (Fig. 10^ page 17), 80 cm, long, 6 mm. 
internal and 10 mm. external diameter (cost 25 to 
60 cts.) ; (d) a small Beaker (6, Fig. 10), costing less 
than 25 cts. ; (e) a nickel-plated Cup, holding 250 
grams or more (cost 25 or 50 cts.) ; (/) a standard 
Weight, (100 ^.), costing about $1.00 ; (^) a glass 
Bail (or marble) 4 or 5 <?w. in diameter (about 10 
cts.) ; (h) 2 small Rings of equal weight (to prevent 
ball from rolling) ; (z) a hydrostatic Arch (Fig. 18, 
page 43), made of sheet brass for less than 25 cts. 

Total cost, $10.00 to $35.00. 

4. The Specific Gravity Bottle, &c. (Exps. XI. to 
XVIII.) : (a) a Specific Gravity Bottle^ or a common " 2 
ounce," wide-mouth, glass-stoppered bottle (Fig. 19, 
page 50). The stopper should be solid so as not to en- 
close a bubble of air. If hollow it must be filled with 
paraflSne or other material not acted upon by ordinaiy 
liquids ; cost less than 25 cts. ; (h) a Densimeter with 
jar (Fig. 20, page 60), costing about $2.00 ; (c) a C/' 
Tube with rubber couplings, and (d) a J^ Tube with 
rubber couplings, both tubes of glass or metal, about 
3 mm. internal and 7 mm. external diameter (cost 
about 25 cts.) ; {e) 4 straight glass Tubes of the same 
diameter and about one metre long (about $1.00) ; 
(/) a rubber Tube (for connections), 1 metre long, 6 mm. 
internal diameter (25 to 50 cts.) ; (g) an Air Pump^ or 
Richards' injector ; the latter can be attached to an 
ordinary water faucet, and gives a more or less per- 
fect vacuum ; cost about $1.00 ; (A) a small stop-cock 
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ending in 2 tubes 6 or 7 mm. outside diam. (about 25 
ets.) ; {%) a stout Flask (Fig. 24, page 67), capable of 
resisting the atmospheric pressure (25 cts. to $1.00) ; 
and {j) 8 India-rubber Stoppers to fit the flask, with 
2 holes, with 1 hole, and with no hole (cost about 
10 cts. each). 

Total cost, $5.00 to $7.00. 

6. Length (Exps. XIX. to XXI.) : (a) a Miorometer 
Grange (Fig. 28, page 73), reading to y^ wm., made 
to order for about $2.00 in Paris (American instru- 
ments reading only to -g^ mm. cost from $4.00 to 
$6.00); a Spherometer (Fig. 38, page 83), costing 
about $20.00. A much cheaper instrument, accurate 
enough for most purposes, could undoubtedly be 
made by soldering the necessary appendages to a nut 
and screw with a millimetre thread. Such threads 
and instruments for cutting them, though rare in 
America, are common in France. (<?) A piece of plate 
Glass about 5 cm. square (10 cts.). The Vernier 
Gauge, Balls, and Lens, have been mentioned in 
1, 2, and 3. 

Total cost, $5.00 to $25.00. 

6 Expansion (Exps. XXII. to XXX.) : First, ther- 
mometers of the ordinary sort (see 1, A), at least one 
for each student; then (a) an Air Thermometer (or 
manometer) consisting of a stout glass tube 40 cm, 
long, 2 mm. internal diameter, graduated in mm. 
(see Fig. 56, page 119), at a cost of about $2.00 ; (6) 
for purposes of illustration (only), an air-pressure 
Thermometer (Fig. 60, page 127). The bulbs a and o 
should be about 5 cm. in diameter, and should have 
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capacities of at least 100 and 200 cu, cm, respectively. 
The tube h should be graduated in mm, for a dis- 
tance of 40 cm, or more, and should have an inter- 
nal diameter of about 2 mm, A similar instrument 
(made by Alvergniat, Paris) cost $3.00 unmounted. 
Add for mounting, and for a kilogram of mercury, 
about $2.00. One instrument enough for class. Cor- 
rections for different readings are easily calculated, 
and should not exceed 1^ ; (<?) a weight Thermometer^ 
or test-tube drawn out to a fine point (see ^ 240), 
and {d)^ a self-registering Thermometer (or maximum 
and minimum), costing $3.00 in London. One in- 
strument enough for a class. 

Next, for heating (or cooling) purposes : {e) a Bun- 
sen burner ($1.00) (3, Fig. 53), or its equivalent ; (/) 
a steam Boiler (Figs. 53 and 54, page 115), capable of 
admitting a thermometer ($1.50) ; {g) a rubber Tube 
for steam (ad, Fig. 46, page 90), 50 cm, long (about 
25 cts.) ; Qi) a Steam Jacket or tube (cZ^, Fig. 56) 1 
metre long, and 3 or 4 cm. in diameter, with corks 
(50 cts.) ; (i) an ice Trough^ 1 metre long and 5 cm. 
deep, made of a strip of tin, and {j) a vapor Boiler^ 
or stout flask of about 100 cu. cm. capacity, drawn 
out at the mouth into a tube 5 or 6 cm, in diameter 
(about 25 cts.). It may be well to surround the 
flask with wire netting in case of accident. [The 
use of this apparatus is not accurately represented in 
Fig. 64. The manometer should be raised on a block 
01 wood and fastened there, so as not to roll, the 
rubber tube should slope toward the boiler^ and the 
boiler should be nearly covered by the hot water.] 
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Finally, the special apparatus (k) of Dulong and Petit^ 
modified as in Fig. 47, page 95 (brass, about $4.00) ; 
one enough for 4 or 5 students, since each may take 
his own observations; and (/) the Manometric appara- 
tus of ^ 76 (Fig. 62), costing about $1.00, exclusive 
of the filter-stand, and mercury. It might be well to 
have two bottles blown especially for this apparatus, 
with tubes issuing directly from the top and bottom. 
One instrument enough for 2 students; (m) A wooden 
Micrometer Frame (bcon^ Fig. 46), with screws/ and 
y, ought not to cost more than f 1.00 ; (w) two Test 
tubes (10 cts.), and (o) a Medicine dropper (10 cts. ; 
see Fig. 58, page 121), with the flask and stoppers 
already mentioned (see 4, i and /), will be required. 

Total cost $15.00 to $20.00. 

7. Calorimetry (Exps. XXXI. to XXXVIII.): (a) 
a Calorimeter (Figs. 70, 71, 72, page 144), with an 
inner cup of 100 or 200 cu. cm. capacity (50 cts. to 
$1.00) ; (6) a Stirrer (Fig. 50, page 107) ; (c) a 
Measuring glass (Fig. 75, page 159) of 2 or 3 cu, cm, 
capacity (25 cts.) ; (d) a Steam Shot heater (Fig. 79, 
page 179), with an inner cup of 100 or 200 cu. cm. 
capacity (about $1.00) ; («) a Bottle for ice-water 
(wide mouth, 250 cu. cm. capacity, with wire netting 
to restrain ice, — about 10 cts.) ; (/) a Steam Trap 
(by Fig. 83, page. 203), materials costing about 25 
cts. ; (g) a glass Beaker for Calorimetry^ of 100 or 200 
cu. cm. capacity (see 1^^ 105 (1), cost less than 25 cts. 
Each student should have at least one thermometer 
(see (1)) at his disposition during these experiments. 

Total cost, $2.00 to $3.00. 



916 APPENDIX n. 

8. Radiometry (Exps. XXXIX. to XL.) : (a) an Op- 
tical Bench (Figs. 89 and 100), consisting of a board 
or plank 1 or 2 m. long, 10 cm. broad, set up edge- 
wise, with 8 grooved blocks or " sliders" to fit loosely 
over it. One slider is to hold a candle, another a 
kerosene lamp, a third a telescope, a fourth a lens, a 
fifth a pasteboard screen, a sixth and seventh wires 
(Fig. 104), and an eighth a wire netting. Each 
slider can be clamped by a small screw eye, and each 
carries a marker. A paper or wooden mm. scale is 
attached to the board. Cost of bench and sliders, 
$2.00 or 13.00; (b) a Bunsen Photometer (Fig. 94, 
page 224). The diaphragm (incorrectly represented 
in de^ Fig. 94) consists simply of a piece of paper 
with an oil-spot (Figs. 91-92) mounted as in de^ Fig. 
93, — cost, possibly 50 cts. ; (c) a Candle ; (i) a small 
Kerosene Lamp; and (e) either a differential Ther- 
mometer with gauge (Fig. 86, page 216), or else a 
Thermopile and Galvanometer (Fig. 88). Cost of 
the differential thermometer (made nicely by a tin- 
man), $1.00 or $2.00. 

Total cost, $4.00 or $5.00. 

9. Focal Lengths (Exps. XL. to XLIII.). In addi- 
tion to the Optical Bench, &c., mentioned in 8, there 
will be needed (a) a small Telescope (with cross- 
hairs), which may be borrowed from the sextant or 
spectrometer mentioned below (in 10) ; (6) a long- 
focuB Lens^ the achromatic object-glass of the tele- 
scope ; (c) a converging Lens (the crown glass of the 
combination) and (d) a diverging Lens (the flint glass 
of the combination). These lenses if 8 or 4 cm. in 
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diameter, would cost separately $3.00 or $4.00. Spec- 
tacle lenses at less than f 1.00 per dozen will answer 
most purposes. It is desirable to have (e) 3 small 
Mirrors^ (slightly) convex and concave, for purposes 
of illustration (^ 118), and if possible (/) a " Doublet 
Len%^'' such as is used for rectilinear photography, 
costing about $15.00 (one sufficient for 4 or 6 stu- 
dents). The principle can be illustrated by two 
''meniscus" spectacle lenses mounted facing each 
other with a small jiiaphragm between them. 

Total cost $1.00 to $20.00 (the former, if spectacle 
lenses are employed, or if lenses are borrowed from 
optical instruments elsewhere accounted for). 

10. Goniometxy (Exps. XLII. to XL VII.) : (a) a 
Sextant^ (Fig- 106, page 246) reading to 10", costing 
$15.00 in Liverpool ; (6) a Babinet Spectrometer} 
reading to minutes or fractions of a minute, costing 
about $20.00 in Paris. A cheap spectrometer can be 
made with a paper scale, but such instruments are 
apt in the hands of students to yield unsatisfactory 
results. It is perhaps better to dispense with the 
spectrometer altogether, and to use a sextant in its 
place. In this case a metallic shield with (c) a narrow 
Slit (1 mm, X 10 cm.) will be required in certain ex- 
periments. This must be illuminated by (rf) a So- 
dium Flame (see foot-note, page 260). (e) an Artifi- 
cial Horizon (page 545) ; (/) a small Priam^ and (^) a 
Diffraction Grating (page 267), complete, at a nom- 

1 It is indifferent whether the student begins with the sextant or 
with the spectrometer. One instrument of each kind is therefore 
enough for at least 2 students. 
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inal expense, the list of apparatus required for angu- 
lar measurements. 

Total cost, $35.00 to $80.00. 

11. Sound (Exps. XL VIII. to LV.) : (a) a Eeson- 
ance Tube (Fig. 121, page 272), costing $1.00 or $2.00 ; 
(6) a MonocTiord (Fig. 122, page 274), costing per- 
haps $2.00 ; (c) a Bow (jii, Fig. 122), costing $1.00; 
(ci) Signalling apparatus, for instance, two hammers 
and boards (^ 137, III.) ; (e) a Smoked glass appar- 
atus (Fig. 125, page 288). Th^ dimensions may be 
as follows : total length 60 cm., breadth 15 cm,^ 
height 30 cm., cost about $3.00 for carpenter's work ; 
(/) a Toothed Wheel apparatus (Figs. 135 and 136, 
page 302), watchmaker's charge about $1.00 ; {g) Tun- 
ing Forks with the following rates of vibration per 
second: G» = 51.2 ; A=54; Aj = 57 ; B = 60; 
C = 64 ; C= 128 ; A = 216 ; C = 256. Cost made 
by blacksmith out of best steel, about $8.00 in all. 
Additional forks (68, 72, &c., up to 128) desirable, 
but not necessary. Forks A = 440 + and C = 512 
+ to be had of dealers in musical instruments (25 
cts. each) ; (K) a Pitch Pipe (Fig. 273, page 554), 
or its equivalent (less than $1.00) ; (i) a Cloth Band 
for torsional vibrations (page 554) ; and(y) means of 
stretching considerable lengths of Wires. Resin will 
be needed in these experiments. Students will do 
well to work in pairs upon all these experiments. 

Total cost, $15.00 to $20.00. 

12. Kinetics (Exps. LVI. to LX.) : {a) a simple Pen- 
dulum (Fig. 150, page 316), at a nominal cost ; (6) an 
irrotational Pendulum (Figs. 153 and 154, page 321, 
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scale of figures about ^^^), cost, made by ordin- 
ary carpenter, tinman, and blacksmith, not over 
15.00; ((?) a Torsion Head, or suspension ( AB, Fig. 159 
page 334), costing about $1.00; (d) a Torsion Fen- 
duluniy or ring apparatus (BCEFD, Fig. 169), costing 
about $1.00 ; {e) a Spiral Spring apparatus (Fig. 
158, page 331), cost nominal ; (/) a Falling- Bodies' 
apparatus (Fig. 149, page 313), materials costing 
less than $1.00 ; and for purposes of illustration, {g) a 
pair of billiard Balls, suspended as in Fig. 146 (cost 
about $2.00). 

Total cost, $9.00 to $10.00. 

13. Statics (Exps. LXI. to LXIL): (a) Two 
Spring Balances of 10 kilos' capacity, graduated to 
^ Kilo (Fig. 160, page 338) ; cost about $2.00 ; (h) a 
set of Safety-valve Weights (Fig. 160) from 1 to 10 
kilos (about $1.00) ; {c) a Lever (Fig. 162, page 
341), costing perhaps 25 cts. ; (i) a loaded Board 
(Figs. 170, page 348), costing about $1.00 ; and {e) a 
pair of Triangular Supports {i and J, Fig. 173, page 
350). 

Total cost, $4.00 or $5.00. 

14. Elasticity and Cohesion (Exps. LXIII.-LXVII.). 
(a) Two Steel Beams (ag. Fig. 173) both 100 + cm, 
long, one 6 4* mm, square, the other 6 + ^^i. X 12 
+ mm.^ costing about $1.00 ; (b) an Electric Microm- 
eter (Fig. 173), costing with platinum points about 
$20.00. Two students can use same micrometer. 
[The electrical connections are unnecessary. A com- 
mon screw with a brass head soldered to it and grad- 
uated with a knife will answer. Fasten a small 
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metallic mirror to the beam and move screw until its 
point touches its own reflection.] (<?) A Torsion 
Apparatus (Fig. 174, page 355), with 2 or 3 rods, 
costing perhaps $3.00 ; {d) a Torsion Balance (Fig. 
176, page 358), made at a nominal cost by additions 
to the Torsion Pendulum (ag. Fig. 176) already men- 
tioned (12 d); (e) Young's Modulus Apparatus (Figs. 
178 (3), and 179, page 165), costing about 12.00, out- 
side of the electric micrometer (see b) ; (/) a Bobbin^ 
scooped out so as to fit over the hook of a spring bal- 
ance (Fig. 180, page 367); (g) a Fork of wire for 
holding a film of water (page 369), and (k) a Capilr 
lary Tube^ made of a broken mercury thermometer 
(Fig. 182, page 371). Be sure that the bore is nearly 
circular (not elliptical). 

Total cost, $5.00 to $20.00. 

15. Work (Exps. LXVIII. to LXX.) : {a) a pine 
Board (20 X 100 cm.) and Plank (5 X 20 X 40 ^m., see 
Fig. 183, page 373) nicely planed (about $1.00) ; (J) a 
Siphon (Fig. 185, page 378), made by a rubber tube 
2 m. long, 3 mm. internal diameter (not over $1.00); 
{c) a Tackle (Fig. 186), consisting of two smoothly 
running double blocks, of either iron or wood, to be 
had of dealers in shipping materials, for about $1.00; 
{d) a Water Motor apparatus (Fig. 178, page 382), cost- 
ing about $30.00 for the motor {-^-^ horse power), 
$3.00 for the water gauge, $1.00 for the stone jar, and 
$1.00 for the supports, in addition to the cost of the 
spring balances mentioned in 13 a. One motor enough 
for 4 or 5 students. A much smaller motor costing 
about $5.00 will answer ; in this case letter balances 
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should be employed (see 20). {e) A pasteboard Tube 
1 -f- ^- loi^g» 5 <^^* diam. (sold for about 25 cts. 
by paper dealers), with corks (Fig. 192, page 390) ; 
(/) heavy iron Weighti (1-10 kilos)^ costing from 
$1.00 to $2.00. Lead shot and a thermometer (1 h) 
will also be required in these experiments. 
Total cost, $10.00 to $40.00. 

16. Magnetlam (Exps. LXXI. to LXXV.) : (a) 
three compound Magnets (see ^ 179, also Fig. 196, 
page 396), costing about $5.00 (one or two needed at 
one time) ; (b) a vibration Magnet (Fig. 204, page 412), 
cost nominal; \c) a Surveying Compass (Fig. 199, 
page 405), costing from $5.00 to $15.00 ; (d) a long- 
bar Magnet (Fig. 209, page 420), 1 m, long, 12 mm, 
diameter (cost about $1.00) ; (e) a Dipping-needle 
and stand (Fig. 210, page 423), costing about $2.00 ; 
(/) two wooden Blocks 1 cm, cube. Iron filings and 
photographic paper will be required for these 
experiments. 

Total cost, $10.00 to $25.00. 

17. Magneto-Electricity (Exps. LXXVI. to LXX- 
VII.) : (a) a sliding Helix with stops and clamps (arf, 
Fig. 209, page 420), costing about $1.00 ; (6) an Earth 
Inductor (Fig. 213, page 428, scale about 5^), con- 
taining about 100 turns of insulated copper wire (No. 
18, B. W. G.) on a wooden ring 60 cm, in diameter, 
and costing from $5.00 to $10.00. Good results may 
also be obtained by a simple coil laid against a door 
or on a table, then suddenly turned over by hand. 
Cost of such a coil $2.00 or $3.00. (c) A ballistic Gal- 
vanometery made by loading the needle of an astatic 

22 
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galvanometer (Fig. 207, page 418, scale about •^) 
with a few grams of lead at each end. Cost of the 
astatic galTanometer, about $15.00. 
Total cost, $20.00 to $25.00. 

18. Galvanometry (Exps. LXXVIII. to LXXXIV.) : 
(a) a Single Ring {S. B.) Q-alvanometer (Fig. 217, page 
438, see footnote page 439), cost without compass 
about $10.00; with compass $25.00; (J) Double- 
Ring (i>. K) Q-alvanometer (Fig. 225, page 448), cost 
about $10.00, exclusive of surveying compass (see 
16 c) : (c) electrO'Di/namometer (Fig. 228, page 451, 
scale Jj), cost $10.00 or $15.00 ; (d) an Ammeter (Fig. 
231, page 466), costing $5.00 or $10.00; (e) a Vibration 
Galvanometer (Fig. 230, page 461), which the student 
can himself construct at a cost of about 50 cts. ; (/) a 
Commutator (Figs. 216, page 435, scale y^^), costing 
perhaps $1.00; (ff) a Shunt^ consisting of a piece of 
uninsulated German Silver wire of about 1 ohm re- 
sistance, with copper connections (Fig. 249, page 486), 
cost nominal : (A) several cheap Keys^ 50 cts. to $2.00. 

Batteries will also be needed as follows : (i) Bat- 
tery Materials^ that is, materials for a small Daniell 
cell to be set up in a small jar or tumbler (see page 
463), cost about 50 cts. ; (j) a Daniell Battery of 6 
litre Daniell cells (Fig. 235, page 469), $6.00 ; (k) a 
Bunsen Battery (of 3 or 4 Bunsen cells. Fig. 234), 
$10.00; and (?) a LeclancU Battery of 1 or 2 Le- 
chanch^ cells (Fig. 236), $2.00. 

Total cost, $15.00 to $30.00. 

19. Electrical Resistance (Exps. LXXXV. to XC- 
III.) : (a) a Resistance coil (Fig. 238, page 471, scale 
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I), made to fit calorimeter 17 a) costv nominal ; (b) a 
Remtance box (Fig. 242, page 476, see also R., Fig. 
264, and Figs. 240, 241. Scale of Fig. 241 about ^), 
cost, roughly adjusted, about 160.00 ; {c) a British As- 
sociation {B. A) Bridge (Fig. 247, page 481, scale of 
cm. in Fig.), cost of materials about #2.00 ; complete 
instrument f 10.00 to $16.00 ; (d) a differential G-al- 
variometer^ made by using the dijBFerential connections 
of the astatic galvanometer already mentioned (17 c) ; 
if there are no differential connections, add to the 
two binding posts a and ^, already existing, a third 
binding post, c. Connect a and c with a resistance of 
say 10 ohms ; connect b and c with an equal resist- 
ance ; then equal currents through ac and be will 
produce no deflection. The instrument will work as 
a differential galvanometer in all cases where insu- 
lation between the two circuits is not required. Cost 
of change in connections about $1.00. It is preferable 
to have the galvanometer wound with a double wire^ 
as stated in footnote, page 419. 

Total cost, $60.00 to $76.00. 

20. Electromotive Force (Exps. XCIV. to C). These 
experiments depend chiefly upon the apparatus men- 
tioned in 18 and 19. There is needed also (a) a 
Thermo-Junction (a. Fig. 267, page 621), cost nominal ; 
(6) a Clark Battery (1 cell sufficient), cost of materials 
about $1.00 ; {c) an Electric Motor (Fig. 263, page 
634), with a friction brake consisting of two letter 
balances (see Fig. 264), and {d) a Revolution Counter 
(Fig. 266). Cost of motor, &c., from $5.00 to $10.00. 

Total cost, $7.00 to $12.00. 
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In addition to the list of apparatus given above, it 
will be found convenient to Imve certain supplies al- 
ways on hand, together with tools and materials to 
repair broken apparatus. The most important items 
are arranged alphabetically below, with an estimate of 
the number or quantity required for each student. 



Alcohol, i pint. 
Augers, assorted. 
Binding screws, electric. 
[Blast lamp.] 
[Brackets.] 
Bunsen Burner. 
Candles. 
Cord, 10 feet. 
Corks, assorted. 
Cotton cloth, J yard. 
Cotton waste, 1 oz.. 
Ether, 2 oz. 

Gas . 

Gimlets, assorted. 
Glass Beakers, assorted. 

" Jars. 

" Mirrors, pieces. 

" Plate, 

" Test-tubes, assorted. 

** Thermometer, 1 extra. 

" Tubing, assorted, but i 
pecially J inch. 
Hammers and Hatchets. 
Ice (Exp. 5 and Exps. 22-36). 
Ink. 

Iron filings, J oz. 
[Iron Plate.] 
Kerosene, 1 pint. 
Mercury, 1 lb. 
Nails, assorted. 



Oil-can. 

Paper, coordinate, 12 pages. 

** photographic, 1 page. 
ParaflSne, J oz. 
Pins, assorted. 
Besin, for bows. 
Kubber couplings, 6. 

** Stoppers, assorted. 
" Tubing, assorted, 3 ft. 
Salt, 1 lb. 
Sand, 1 lb. 
Saw. 

Screw-drivers. 
Screws, assorted. 
Shot, lead. 

" Zinc (or copper). 
Solder and iron. 
Tacks, assorted. 

** double-pointed. 
Tin-foil (10 sq. in.). 
Vice. 

Water, cold, hot, and distilled. 
Wax. 
Wire, Brass, fine, J oz. 

" Copper, assorted, 1 oz. 

" German silver, assorted, J oz. 

" Iron, assorted, J oz. 

« Steel, fine, J oz. 
Wood, blocks to mount apparatus. 

boxes, boards, planks, strips, &c. 



Every instrument, tool, or receptacle should bear 
the number of the shelf where it belongs, and in ad- 
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dition a label of its own by which it may be identi- 
fied. It would be well to make an alphabetical list 
of apparatus referring to the shelf where each instru- 
ment may be found.^ The students could then set 
up their own apparatus. 

^ Tlie names of instruments printed in italics in the list will be 
found in the general index at the end of this book. The words under 
which they are indexed are those beginning with capital letters. 



926 APPENDIX III 



APPENDIX in. 



EXPENSES. 



The cost of fitting up a laboratory for the purposes 
of elementary physical measurement does not differ 
essentially from that of an ordinary school-room, ex- 
cept that a somewhat greater space is required for the 
students. This is not, however, so great as is com- 
monly supposed. The author has found no serious 
diflBculty in the use of a room 16 feet square, for a 
section of six students. The room contained a table 
9 feet square, arranged as shown in the plan (Appen- 
dix I.). The total expense of fitting up the room 
and table, including gas, plumbing, water, and a fur- 
nace pipe, together with shelves, drawers, closets, 
and a small "dumb-waiter" to connect with a tool- 
room in the basement, was about $300.00. Since the 
laboratory can receive three or four sections of 6 each 
daily, each member of a class of from 36 to 48 stu- 
dents can attend three exercises a week in a room of 
this size. The cost of permanent laboratory fittings 
is only a little greater than that of the ordinary 
desks required for a school-room, and if it is decided 
to introduce experimental physics at all, the neces- 
sary appropriation is generally forthcoming. 

The cost of supplies in a course of physical meas- 
urement is not, as in chemistry, an important item. 
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An allowance of $2.00 or $3.00 per annum for each 
student has been found to cover the whole expense. 
A still smaller sum would suffice if care were taken 
to prevent unnecessary waste, especially of mercury, 
alcohol, and batteiy materials. The cost of gas and 
water is usually nominal. Heating is not included 
in the estimate above, and must be allowed for as in 
any other course of instruction. 

The cost of a complete set of apparatus will be 
found, by adding up the separate sums in the list (Ap- 
pendix II.), to vary from $300.00 to $500.00. A single 
copy of each instrument will generally answer for two 
students to work with at one time, especially when 
there are two or more instruments serving a given 
purpose, like the sextant and the spectrometer. In 
some experiments it is advisable for more than two 
students to work together; it is, however, recom- 
mended that one set of apparatus be allowed on the 
average for each pair of students present in the lab- 
oratory at a given time. Some instruments, like the 
clock and the barometer, may serve for a whole class 
of students; but it is highly desirable that each 
student should have his own thermometer, gauges, 
weights, and other comparatively inexpensive ap- 
paratus. 

If we suppose a class of students to be divided 
into 6 sections, each having separate access to the 
laboratory at stated periods during the week, it is 
evident that a single complete set of apparatus can 
serve six pairs of students. A moderate laboratory 
fee ($10.00 per student) is therefore sufficient to pay 
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for a complete set of apparatus in 4 or 5 years. Ex- 
perience has shown that college students are willing 
to pay such a fee in addition to the regular charge 
for tuition. 

It follows that 12 students can afford one complete 
set of apparatus, that 24 students can afford two sets, 
&c. In other words, the cost of reduplicating appar- 
atus to such an extent that a large class of students 
working in pairs may be able without delay to follow 
a regular and connected course in physical measure- 
ment, comes within the limit of what the students 
themselves are willing to pay. There is, perhaps, no 
better demonstration of the fact that such a course 
is desirable from an economical point of view. The 
first criticism, however, which occurs to a practical 
man when he sees a whole class working simultane- 
ously upon a given experiment, is that a great pro- 
portion of the apparatus lies idle. It may be well, 
therefore, to consider, from an economical point of 
view, certain methods of instruction in which the 
proportion of apparatus employed at a given time 
is relatively great. 

" It is suggested " (see Harvard List of Advanced 
Physical Experiments, 1890, page 54) "that great 
duplication of apparatus is not necessary in a course 
of experiments such as is described in this " (the 
Harvard, 1890) "pamphlet. It is found that stu- 
dents differ much in their rate of working in a phys- 
ical laborator}^ and consequently, in more diflBcult 
experiments, the students can be working on differ- 
ent parts of the subject during the same hour." A 
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good instance of this would be in the case of experi- 
ments with double and single ring galvanometers, 
since the same principles are involved in the two in- 
struments. Unfortunately, certain expensive instru- 
ments, like the balance and the resistance box, are in 
continual use for several weeks devoted to a given 
subject. To avoid conflict with such instruments, it 
is necessary that students should be working on dif- 
ferent %uhjecU at the same time. 

This leads to the consideration of a system of 
instruction used in many of our oldest institutions, 
in which the experiments that a student is to per- 
form are determined largely by the supply of appa- 
ratus. This system deserves especial attention, since 
it Ls in some cases the only one possible, and has 
the merit of extreme economy as far as apparatus 
is concerned. 

The progress of each student in this system may be 
watched or controlled by an *' indicator board." The 
names of the students can be arranged across the top 
of the board, and the names of experiments at the 
left. (See the Harvard List of advanced Physical 
Experiments, 1890, page 64.) A long peg is then 
placed under each student's name opposite the exper- 
iment which he is to perform. The long peg can be 
moved and replaced by a short peg, to show that the 
experiment has been performed, and that the appara- 
tus is free for the next student. A complete row of 
short pegs opposite a given experiment shows there- 
fore that all the students have performed it. A new 
experiment is then prepared in its place. 
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This individual system of instruction, aside from 
its economy, has undoubted educational merits. A 
good text-book and the personal attention of an in- 
telligent assistant are together worth more than al- 
most any system of lectures without such aid, as far 
as the understanding of experiments is concerned. 
When, however, we consider the mutual relations be- 
tween experiments, the " individual system " as it is 
generally practised presents numerous defects. Pro 
fessor Pickering, in his Physical Manipulation, Vol. 
II., appendix C, recommends that at the start about 
thirty experiments should be prepared. Among 
these are Measurements of Length, Temperature, 
Capacity, Weight, Force, Elasticity, Acceleration, 
and Light. It is true that, although some of these 
topics naturally precede others, any one can be ex- 
plained without reference to the rest. A lecturer 
cannot, however, begin by explaining all. As a 
natural result, those students who, through lack of 
apparatus, are obliged to perform, for instance, ex- 
periments in light before any allusion to the wave 
theory has been made, work under a decided disad- 
vantage. It is better to keep a student waiting for 
apparatus than for explanations. For this reason the 
lecturer must keep at least a month in advance of 
the majority of the students, even when all are work- 
ing upon a given class of experiments. It is impos- 
sible after such an interval to recall the details of an 
explanation even with the aid of copious notes. Such 
details therefore are generally omitted from the lec- 
tures, and when the time comes are explained sepa- 
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lately to each student. Again, the lecturer cannot 
point out the just inferences to be drawn from a 
given experiment until every one has performed it. 
In the mean time, however, many of the results of 
observation escape from the student's memory. Facts 
without principles, like principles without facts, are 
quickly forgotten. 

A system of lectures which is only one month in 
advance of the laboratory work has nevertheless 
many obvious advantages over a preparatory course 
of instruction, which must be taken at least one 
year in advance. It is a well-known fact that lec- 
tures are the most economical system of verbal in- 
struction. The farther lectures are separated in time 
from the experiments to which they relate, the less 
can be accomplished by the lecturer, the more is 
thrown upon the laboratory assistant. In some in- 
stitutions, courses of purely laboratory work are given. 
Such courses, with a limited number of students as- 
signed to one instructor at a given time, have un- 
doubted advantages, but are necessarily expensive. A 
small amount of apparatus may, it is true, be em- 
ploj'ed successively by a large number of students ; 
but in an elementary course the cost of reduplicating 
apparatus is small in comparison with the cost of re- 
duplicating instruction. 

Let us now consider what happens when, as is fre- 
quently the case, 10 or 12 students without any pre- 
vious preparation are assigned to a single assistant. 
In the first place, time will be lost in starting the 
men at work. It is easy, moreover, to see that the 
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assistant cannot, in a single exercise of two hours, 
devote more than 10 or 12 minutes to each student. 
In other words, the quantity of his instruction is lim- 
ited. In the space of time at his command it would 
be impossible to cover the ground even of a half 
hour's lecture. This amount of time ought at least 
to be devoted to the explanation of each experiment. 
The quality of the instruction given in this way is 
apt, moreover, to be unsatisfactory. When the as- 
sistant has explained a given point separately to six 
or eight students, he is sometimes left with the im- 
pression that the point in question has been made 
sufficiently clear, and subsequent explanations are, 
perhaps involuntarily, either curtailed or omitted. 
The instruction obtained, even from inexperienced 
assistants, is often a great aid to the student in fol- 
lowing a course of higher instruction; but without 
general lectures a course in physical measurement is 
necessarily incomplete. One of the advantages of 
having a course of lectures closely connected with 
the laboratory work, lies in the use of illustrative ex- 
periments performed by the lecturer. It would of 
course be too costly to repeat such experiments for 
the benefit of each student at the time when he needs 
them, and impracticable for the student to repeat 
most of them himself. Students working indepen- 
ently are left therefore to read about these experi- 
ments in a text-book, or to recall them as best they 
may from notes on some past lecture in which they 
seemed to have no practical bearing upon their 
work. 
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The student who has just heard a lecture upon a 
given experiment cannot fail to perform it with bet- 
ter understanding ; he has at least the directions for 
the experiment fresh in his mind, and knows how to 
begin work. Experience has shown that more than 
half of the student's difficulties can be anticipated by 
a short lecture. There is, as has been already pointed 
out, a great economy of labor in this lecture method 
of instruction. 

It has been found that one assistant is required 
to give individual instruction to about six students. 
If the class contains 72 students, whom we will sup- 
pose to be divided into 6 sections of 12 each, two 
assistants must evidently be present at one time, and 
at least three will be required to meet all the men, 
allowing 24 hours of instruction per week to each 
assistant. Now it is found that a single assistant can 
direct the work of 12 men at one time, provided that 
they have received their main instructions before- 
hand. Let us suppose that two assistants take 3 sec- 
tions each, and explain once for all at the beginning 
of each exercise, in the clearest possible terms, the 
details of a single experiment which all the men are 
simultaneously to perform. Each assistant's hours 
will then be reduced from 24 to 18 per week, and the 
labor of individual instruction, if not lightened, will 
at least be freed from tiresome repetition. The same 
salary should therefore suffice. There is accordingly, 
in this system of instruction, a gain of one assistant's 
salary. There is, on the other hand, an increase in 
the amount of apparatus, for 6 whole sets will now 
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be required instead of one. The additional 5 sets 
will cost from 11600.00 to $2500.00. This seems a 
large sum to invest in apparatus; but it must be 
remembered that, unlike assistants' salaries, this 
sum is paid only once. Even if, in the course 
of 10 years, all the apparatus should have to be re- 
placed, it will in the mean time, have been paid for 
almost twice over by the saving in a single assistant's 
salary. 

It is obvious that instead of giving separate ex- 
planations to each section, a single lecture attended 
by all the sections will suffice. There is little danger 
that students may forget what is said in the lectures 
before they come into the laboratory, provided that 
intermediate lectures on the same subject do not inter- 
vene. This fact may be made use of, if it is desired, 
to effect a considerable saving in the cost of appara- 
tus. Instead of giving a single series of lectures, the 
instructor may give two series, each being attended 
by half of the men belonging to each section of the 
class. It is undoubtedly possible to arrange two sets 
of experiments so that each may form a continuous 
course, and that at the same time a conflict of appa- 
ratus may be avoided. Half of the students present 
at a given time will accordingly be working on one 
set of experiments, for instance, determinations of 
weight, at the same time that the other half is per- 
forming an entirely different set of experiments, for 
instance, measurements of length. Three complete 
sets of apparatus will therefore be sufficient for a 
class of 72 students working, as suggested above, in 
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pairs. The details of this method have not been 
worked out because the expense of giving a double 
series of lectures would ordinarily amount in a few 
years to more than the original cost of reduplicating 
the apparatus. The method, however, involving only 
a single repetition of a given explanation, is obviously 
more economical than the ordinary system of instruc- 
tion, in which explanations must be repeated separ- 
ately to each student, and is to be considered, when, 
as is too often the case, it is absolutely impossible to 
obtain a sufficient appropriation for apparatus. 

Let us next consider a class of 24 students, for 
whom one instructor or assistant is in any case suffi- 
cient. Such a class would naturally be divided into 
4 sections of 6 each, and would, working in pairs, be 
fairly supplied by 8 complete sets of apparatus at a 
cost of from $900.00 to 11600.00. Suppose, however, 
that only one set of apparatus can be had. The sim- 
plest escape from this difficulty is to divide the class 
into 6 sections of 4 each, and to give a double set of 
lectures as has just been suggested. The exercises 
may if necessary be cut down to one hour each. 
They will then occupy, with six One-honr lectures, 24 
hours per week ; that is, the same time as would or- 
dinarily be required for the individual instruction of 
24 students. Each student will moreover receive the 
same total amount (6 hours) of instruction. Half of 
this will be in the lecture room, the other half in the 
laboratory. It would of course be better if more 
than one hour could be allowed for the laboratory 
exercises ; but it is thought that the student can do 
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more in a single hour after a thorough explanation 
received in the lecture, than he could accomplish in 
two hours under the old system, allowing for waste 
of time in waiting for the necessary explanations. 

We have seen that with a large class (of 72 stu- 
dents) it pays (through the saving in salaries) to re- 
duplicate the apparatus, to such an extent at least 
that the students, working in pairs, may follow a reg- 
ular course of experiments without waiting for ap- 
paratus. We have seen also that by means of a 
double course of lectures, the cost of apparatus may 
be considerably reduced ; in fact that, with a small 
class (24 students) no reduplication is necessary. 
With still smaller classes, 12 for instance, there is no 
need of reduplicating either the lectures or the ap- 
paratus. It appears, therefore, that considerations 
of expense arising from the reduplication of apparatus 
need not, as is commonly supposed, stand in the way 
of giving to any number of students a regular course 
of lectures and experiments. 

So far we have considered only the minimum quan- 
tity of apparatus consistent with the purposes of this 
course. It is much easier at the present day to ob- 
tain a sufficient appropriation for instruction than for 
apparatus. It may be well, however, before leaving 
the subject of expense, to call attention to certain 
practical rules by which the cost of laboratory 
courses may be reduced to a minimum. 

Let us suppose that the number of students, at 
first small, is doubled. There are then three ways 
of meeting this increase : 1st, by doubling the supply 
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of apparatus ; for in this case, the same number of 
lectures and laboratory hours will probably suffice ; 
2d, by doubling the number of sections admitted to 
the laboratory ; and 3d, by doubling the number of 
lectures or the number of separate explanations 
caused by assigning different kinds of instruments to 
different students at a given time. Of these three 
ways, the least expensive would naturally be selected. 
Now let the number of students again be doubled. 
Once more the least expensive item would be in- 
creased. The rules of economy lead, therefore, in 
the end to an equal distribution of expenses between 
the three above-named methods by which the capacity 
of a laboratory course may be increased. 

For example, if it costs 1300.00 per annum to give 
a single course of lecturesy $75.00 per annum for the 
supervision of each laboratory section, and $50.00 per 
annum for interest and repairs on each complete set 
of apparatus, a class of 24 students, who are to work 
singly, should be divided into 4 sections (costing 
$300.00 per annum) and supplied with 6 sets of ap- 
paratus (at an equal cost of $300.00 per annum). 
The total cost ($900.00 per annum, or $37.50 per 
student) will be found to be less than that resulting 
from any other arrangement of sections. 

The numbers chosen above were derived from ex- 
perience, and represent approximately the cost of a 
course of physical measurement such as has been 
described in this book, leaving out of consideration 
the question of rent. Expenses may be reduced by 
allowing students to work in pairs, or by an increase 

23 
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in the number of students ; but the results compare 
favorably in any case with the sums charged for 
laboratory courses in colleges and other institutions 
where the individual system of instruction is still 
retained.^ 

1 In the University of Berlin, the annual fee for an elementary 
laboratory course is from $20.00 to $25.00, in addition to a fee of 
$20.00 for general lectures. 
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INSTRUCTION. 

The advantages of a course of lectures closely re- 
lated to the experiments which are to be performed 
in the laboratory, have been already pointed out. 
There will be needed about as many lectures (^ to 1 
hour each) as there are exercises. If the class con- 
sists of a single section, the exercises in the labora- 
tory should follow immediately after the lectures. 
It is well in any case for the assistant in charge of a 
section to say a few words to the students at the 
beginning of an exercise, especially in regard to de- 
tailed directions which they may require. It must 
not, however, be imagined that such directions can 
take the place of a general lecture. 

Among the topics which would naturally be dis- 
cussed in a general lecture, may be mentioned the 
historical development of the subject in hand, es- 
pecially any incidents — like Rumford's boring the 
cannon — which may appeal to the imagination. 

The laws and principles involved in the experi- 
ments should also be explained. The separate sec- 
tions of Part III. cover ground enough for as many 
lectures. Various illustrative experiments will be 
found in well known text-books, such as those of 
Deschanel and Ganot. These should be shown, if 
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possible, to the whole class of students.^ In hydro- 
statics, for instance, Pascal's vases, the hydrostatic 
press, and even the Cartesian diver may be shown ; 
while Dr. Hall's experiments with a pressure gauge 
(Harvard List of Elementary Physical Experiments, 
No. 5) will be found to form a valuable addition to 
existing methods of explanation. In connection with 
experiments on the pressure of air, Mariotte's tube 
and an absolute air-pressure thermometer (^ 75) 
would naturally be shown. It is useful to illustrate 
the expansion of gases by heat on a large scale. Ex- 
periments with Helmholtz' resonators, singing flames, 
and especially the phonograph, lend interest to the 
subject of sound ; a word about photography and 
color are not out of place in the study of light; there 
are instructive experiments with powerful magnets, 
such as stopping the oscillations of light metallic 
bodies ; the study of frictional electricity is also a nat- 
ural introduction to the subject of electrodynamics. 

Several experiments, mentioned in Parts I. and II., 
are not intended to be followed as determinations. 
Some of these are suitable for lecture illustrations ; 
others can be performed (if it is thought desirable) 
by students outside of their regular course of meas- 
urements.* The experiments described in ^ 80 and 

^ It is a good idea to have the students themselves take part in so 
far as practicable in such experiments. Notes should in all cases be 
taken. 

2 The growth of a desire on the part of students to perform ex- 
periments on their own account is a certain proof of progress in tlieir 
past education and a promise of success in the future. Such a desire 
should be encouraged in every possible way. 
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^ 82 may, for instance, be performed by students. 
If they are not, they should be shown in the lectures. 

It is a good plan to dictate to the class or to write 
on the blackboard exactly what observations they are 
to make, and what calculations are to follow. Con- 
siderable time can be saved at a small expense by 
having these directions printed. The " hektograph " 
process was used for more than a year at Harvard 
College. Separate sheets were furnished to the stu- 
dents at each exercise, and handed in at the end of 
the exercise. The calculations were not made until 
afterward. In the mean time the instructor had an 
opportunity of examining the results of observation, 
so that evident mistakes could be pointed out to the 
students. It is important with large classes of stu- 
dents to preserve in this way some record of their 
original observations (see footnote, page 947). The 
student is, however, naturally anxious to know 
whether his results are satisfactory or not, and for 
this reason he should be allowed to take away with 
him a copy of his observations. 

It is hardly necessary to allude to various pro- 
cesses, such as impression paper and the ordinary 
copying press, through which, if it is desired, the stu- 
dent's observations may be duplicated, whether they 
are madQ in ink or in pencil. It takes only a minute 
or two to copy figures by hand, when a printed 
form is already provided. This is perhaps on the 
whole the most satisfactory way. The printed forms 
should be cut and pierced so that they may be after- 
ward bound together. * All the observations made by 
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a given student will of course be collected by him ; 
all the observations on a given experiment may be 
bound together by the instructor. It is thus easy to 
compare the results of different students, and to esti- 
mate the relative merits of each. 

The use of printed forms is a great assistance to 
the instructor, for he knows exactly where to look 
for a given observation, and he can see at a glance if 
any of the necessary data have been omitted or mis- 
understood. At the same time, there is reason to fear 
that the students may fall into a mechanical way of 
making observations, without thinking what they are 
for. The student knows that he is expected to '' fill 
in those blanks," and this he can generally do even if 
the reasons are not sufficiently obvious. The same 
objection applies to any system of instruction in 
which the student receives minute directions for an 
experiment ; for it can make no essential difference 
whether these directions are dictated, copied, or 
otherwise distributed. 

To test the point in question, the author has tried 
the following experiment. Printed forms were given 
to a large class of students at the end of each lecture 
for several months. One day, without previous no- 
tice, the lecture was closed a few minutes before the 
ordinary time, and each member of the class was re- 
quested to make out a form covering the observations 
necessary for the experiment which had been de- 
scribed. The determination was one which depended 
upon six or seven data, any one of which if missing 
would prevent the calculation of the result. Three- 
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fourths of the class presented essentially perfect forms 
for observation, and in addition to this, the majority 
named three or four additional data which would be 
useful in making exact correetions in the result. 

It may be observed that the object of lectures is to 
make clear to the student what his observations are 
for, and what there is to learn from them. If there 
be any doubt whether this object is fulfilled, the nat- 
ural test is an examination. To ask a student to 
plan out his observations is practically one form of 
examination ; but it is one which as a general thing 
seems to the author unwise, because a single omis- 
sion on the part of the student, unless pointed out 
to him, may ruin the value of his subsequent deter- 
minations. 

Scientific men are frequently obliged to plan out 
the complete details of a determination; and it is 
thought desirable that students, when they have had 
a suflScient opportunity to see how such details are 
arranged, should be required in certain experiments 
to make their own plan for observations. At the 
same time, the scientific man never fails to compare 
his work, as far as he can, with that of others. It is 
not at all infrequent for him to find that he has 
omitted some important correction. The discovery 
of corrections by referring to the work of others does 
not incapacitate him for finding them himself. On 
the contrary, corrections suggest corrections. In the 
same way, a series of experiments in which the details 
are carefully and minutely planned should not inca- 
pacitate the student for making a similar arrange- 
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ment, but should, on the other hand, teach him how 
such a result may be obtained. 

The principal objection to printed forms generally 
arises from indolent students, who see no escape from 
making the required number of observations. Though 
unnecessary in small classes, the reasonable use of 
printed forms is always desirable, and with a large 
class, greatly diminishes the labor of instruction. 

The student should be taught to consider an ex- 
periment unfinished until the result has been calcu- 
lated and handed in to his instructor. It will be 
found convenient to use cards for this purpose. The 
student writes his name and the name of the experi- 
ment on one side of the card, on the other side in 
large figures the numerical value of the result. 
When all the cards have been received, they may be 
attached in their proper place to a board bearing the 
names of the students at the left, and references to 
experiments across the top. It is thus easy to esti- 
mate at a glance both the quantity and the quality of 
the work performed in the laboratory. 

It has been suggested (see § 30) that determina- 
tions of the properties of substances the composition 
of which is unknown to the student, furnish an ex- 
cellent method of testing his work. Of course it will 
not do to give the same substance to all the students. 
Experiments in elementary physical measurement are 
divided into two distinct kinds. In one of these, the 
student knows what result he ought to obtain, and 
simply performs his experiment to test either his 
own skill, or the accuracy of the instruments which 
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he employs. Experiments in *' calibration " belong to 
this class. The other kind of determination deals 
with quantities of unknown magnitude, and should 
be attempted by the student only when he has satis- 
fied himself by previous experiments, that he is capa- 
ble of obtaining accurate results. There is, perhaps, 
no greater satisfaction in a course of measurement 
than the discovery that quantities of absolutely un- 
known magnitude have been correctly measured. In 
estimating the value of a student's work, it is well to 
consider only determinations of this kind. 

One word of caution is, however, necessary. Most 
of the materials given to the students are only com- 
mercially pure, and hence yield results which may 
differ indefinitely from those contained in ordinary 
tables, rt will not do, accordingly, to assume that 
those results which agree most closely with these 
tabulated values are the best. The average result 
obtained by the most careful workers in a class is 
a much better standard ; but here again caution 
must be observed in the case of measurements where 
errors tend always to increase or to diminish the 
result. On account of air-bubbles, for instance, the 
largest determinations of specific gravity are gen- 
erally the best; judged, however, by the average of 
a class, the best results would in this case be greatly 
underrated. The instructor may be obliged in cer- 
tain cases to make determinations himself. It is gen- 
erally possible, by the use of finer apparatus or 
different methods, to obtain results suflBciently accu- 
rate to serve as a standard for the class. 
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The truest estimate of the value of a student's 
work, next to that furnished by a written examina- 
tion, is perhaps obtained by personal inspection of 
the student's manner of working, and by an examina- 
tion of his note-book. A word or two about note- 
books may not be out of place. The first and most 
important thing is for the student to keep his obser- 
vations and his calculations separate (see § 33). If, 
as has been suggested, the observations are made on 
printed forms, there is no danger of confusion in this 
respect. The calculations may be made on the hack 
of the printed forms or on separate sheets of paper. 
These calculations must in all cases be preserved. 
The sheets on which they are made should be of the 
same size and shape as those employed for observa- 
tions, so that the data, calculations, and results may 
be bound together. 

If the observations are made in an ordinary note- 
book, the student should follow Dr. Hall's sugges- 
tions, namely, that the left-hand pages should be 
devoted to observations, the right-hand pages to cal- 
culations, &c. It is a great mistake to use scraps of 
waste paper for arithmetical work. It is frequently 
necessary to review such work, and if the intermedi- 
ate figures are wanting, a new calculation will be 
involved. The figuring, moreover, often enables an 
instructor to see at a glance just where a mistake was 
made. 

Entries should be kept in so far as possible in chro- 
nological order. If mistakes are discovered later 
on, these should be corrected in pencil or ink of a dif- 
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ferent color from that used in the original records. 
These original records are often found after all to be 
accurate, and ought not in any case to be obliterated.^ 
The use of erasers in a laboratory should be strictly 
prohibited. 

A great and not unusual fault in note-books is a 
lack of sufficient fulness, or rather minuteness. The 
student writes, for instance, " Temperature before ex- 
periment, 50° ; " without giving any idea how long be- 
fore the experiment the temperature was taken ; or 
again, *• Length by vernier gauge, 4.01 cm, ; " without 
stating by what vernier gauge. It would be a good 
plan, two or three times in a course, to have the stu- 
dents repeat some past experiment, making use of 
their notes to find the same materials and instruments 
that they previously employed, and to have them cal- 
culate the results without reference to any text-book. 
This furnishes the best test of the completeness of a 
student's notes. 

There is a tendency on the part of some students 
to make their notes full by repeating explanations 
which are given in their text-books. This is not a 
very serious error; but it should be pointed out that 
note-books are intended for facts which a text-book 
cannot anticipate, and too much theory makes it diffi- 
cult to find these facts. A good note-book is charac- 

1 " The tendency of the student to regard as unquestionably wrong 
any obsenration which is not what he expected it to be, and to make 
his observation tally with his expectation, is doubtless familiar to 
most teachers, and it should be one of the important objects of this 
experimental course to counteract this tendency." — Harvard List of 
Elementary Physical Experiments, page 7. 
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terized, not by fulness of language, but by fulness 
of detail. 

The proceedings in an experiment should be con- 
cisely stated. Observations should be arranged as 
systematically as time will allow. The use of tabular 
forms, both for observations and for results (see " Ex- 
amples," Exps. 6-10), will be found in some cases of 
great assistance. Calculations should be neatly made 
but not crowded. Generous spaces should be left 
between experiments, or different parts of a given 
experiment; and these should further be distin- 
guished by prominent headings. An example of two 
pages from a note-book, with the criticisms of a 
teacher, is given below. A summary of results is a 
useful addition to the description of an experiment. 
Examples of such summaries will be found in the 
next section (V.) of this Appendix. 
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EXPERIMENT I. 





DATE. 




October 1,1888, 


11 


APPARATUS. 




1! 


Block of wood, 


No. 


2(a)». 


Vernier gauge, 


No. 


1 (c) .-. 




Balance, 


No. 


!(/)«. 


Iron weights, set 


No. 


1 (9) i' 



OBSERVATIONS. 



Weight of the wooden block.* 



Length of block, i 



Breadth qf block. ^ 




122.8 grams. 

Thickness 0/ block, f 
g 4.82 cm, 

I 4.30 
! 4.30 
i ... 4.29 

I I 4.28 
4.81 
4.30 
4.31 
4.29 
4.30 



11 



REMARKS. 

* The grams and tenths qf grams were estimated by the small mova- 
ble weight belonging to the balance. 

t TJie length was measured first parallel to the grain near one cor- 
ner of the block, which was slightly broken, then at equal intei^als 
across the block. The breadth was measured across the grain ^ begin- 
ning at the same comer. The thickness was measured three times near 
each side, and once nearly in the middle. The jaws qf the gauge did 
not come quite together, and the two zeros did not come quite opposite. 
Extra observations : — 

Barometer 75.32 cm. 

Thermometer 22^.5 C, 

Dew Point 40° C. ^ 

[Later in red ink added by student.] i ^ 

This must have been Fahrenheit ' M '^ 



li 
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EXPERIMENT I. 



CALCX7LATIONS. 



Length in cm. 
6.90 
6.89 
6.91 
6.90 
6.91 
6.92 
6.89 
6.88 
6.89 
6.90 
10) 68.99 
Average 6.899 



6.899 

6.901 " 
6899 
0000 
62091 
41394 

47.609999 " 



Breadth in cm. 


Th 


ickness in cm. 


6.91 




4.82 


6.88 




4.30 


6.89 




4.30 


6.90 




4.29 


6.91 




4.28 


6.93 




4.31 


6.89 




4.30 


6.90 




4.31 


6.89 




4.29 


6.91 




4.30 


0) 69.01 


10) 


43.00 



Average 6.901 



Average 4.300 



47.61 j 



4.300 

0000 
0000 
14283 
19044 

204.72300 = volume 
I in cu, cm. 



Weight in grains. 

204.7 ) 122.8 ( 0.5999 = weight of 
102 35 1 c«. cm. 

20450 in grams. 

18423 
2 0270 
18423 
18470 
18423 

Explanatory Remarks The volume of the bhcJe (204.7 cu.cm.) is found by 
multiplying together the average length (Q.S99 cm. )y the average breadth {^.^l 
cm.)f and the average thickness (4.300 cm.). Since 204.7 ca. cm. weigh 122.8 
grams, 1 cu. cm. weighs ^^ 7 q/* 122.8 grams, that is, 0.59d9 grams, or 0.600 grams 
nearly. 

RESULTS. 

Volume of the block 204.7 cu.cm. 

Density cfthe block 0.600 g. per cu. cm. 

NoTB. — An example of a fuller snmmary of results, which would make the ezplana- 
torj remarks aboye unnecessary, will be found under Exp. I. Appendix Y. 
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EXAMPLES OP OBSEBVATIONS AND CALCULATIONS IN 
EXPERIMENTS 1-100, PRESENTED IN THE FORM OF 
A SUMMARY OF RESULTS. 

In the examples below, observations are printed in 
italics, and designated by capital letters ; calculations 
are designated by small letters, and printed in ordin- 
ary type. The data are taken, in so far as possible, 
from results actually reported by students in the 
Jefferson Physical Laboratory, without any change 
whatever. Such data are marked with an asterisk 
referring to the initials of the name of the student 
by whom they were determined. Other results were 
obtained by calculation. In some of these, round 
numbers have been chosen with a view of simplify- 
ing the arithmetical work ; but care has been taken 
in all cases to give results which either were or might 
have been obtained with the apparatus described in 
the course of experiments, and to represent correctly 
the probable error of such results. 

EXPERIMENT I. 

A. Weight of wooden block 122.8 ^. 

B. Length '' ** (mean of 10 obs.) . . 6.899 cm. 
O. Breadth " « *•' . . 6.901 cm. 
D. Thichnazz " " *' . . 4.300 cm. 

e. Volume « {B X O X I>) = 204.7 cu. cm. 

f. Density " {A -^ e) •=. 0.^00 g. per cu. cm. 
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EXPERIMENTS n.-IV. 

Weights sinking Hydrometer. Temperatures of Water. 

A.* 32.08 grams. 10°.7 

B* 31.91 ** 20°. 

a* 31.58 " 29°. 

d. Allowance for temperature at 20° about 0.03 g. for 1°. 
ly See Fig. 4, § 59. 
Note. The hydrometer used above bore on the average 
about 1.48 grams more weight than that for which Fig. 4^ 
§ 59 was constructed. An allowance of about 1.48 grams 
must therefore be made in comparing results. 
£.* Distance between 2 rings on hydrometer stem . 18 mm, 
F.* Weight required to sink upper ring . . . 31.91 ^. 
G,* Weight required to sink lower ring . . . . 31.88 ^. 
A. Sensitiveness of hydrometer 

jh [^J-i-iF— 6?)] = 6 mm. per eg. 
7.* Weight sinking hydrometer in water at 20°. 5 to 

mark on stem with 12 steel balls in upper pan 7.59 g. 
j. Weight would have been at 20° (see d) . . 7.605 g. 
k. Apparent weight of balls in air (B — j) = 24.305 g. 
Z.* Weight sinking hydrometer in water at 20°.5 

with balls in lower pan 10.713 ^. 

m. Weight would have been at 20* (see d) . 10.728 g. 
n. Weight of balls in water (B — m)=. . 21.182 g. 
0. Weight of water displaced (k — n = m — j) = 3.123 ^. 
p. Apparent specific gravity of balls 

(k -i- o) = 7.7S g. per cu. cm. 
* S. L. B. Oct. 14, 1887. 

EXPERIMENT V. 

A. Height of barometric column 75.90 cm. 

B. Vertical height of barometric column when 

inclined so as to halve free space, abovi . 75.7 cm. 
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c. Air pressure above mercury about {A — -S) = 0.2 cm. 

d. Height of barometer corrected for air (^ -|" = 76.1 cm, 
M, Interned diameter of barometer about .... 0.5 cm. 

/. Temperature of the air of the room .... 20° C. 
g. Correction for barometer with glass scale 
at 20° and 76 cm. (Table 18 a) = 

— 0.245 — 0.016 = —0.26 cm. 

h. Correction for capillarity, diam. 0.5 cm.; 

height of meniscus unknown (Table 18 b) -|- 0.15 cm. 
i. Correction for mercurial vapor at 20° 

(Table 18 c) -f 0.00 cm. 

j. Corrected height of barometer 

(rf + y* + A 4- t) = 76.0 cm. 

K. Reading of Aneroid barometer . . . .30.00 inches. 

I. The same reduced to cm. (Table 16) . . . 76.2 cm. 

m. Correction of Aneroid barometer (/ — /) = — 0.2(?) cm. 

N. Moisture appears on cup (mean of 3 obs.) at . + ^° C* 

0. Moisture disappears tc i< , ^ go C 

p. Dew-point i (N+ 0) + 5° C. 

Q. Dew-point indicated by hygrodeih . . . . + 50° F. 
r. The same reduced to Centigrade (Table 39) + 10° C. 
s. Correction for hygrodeik at + 10° C.{p — r) = --5°C 
t. Density of dry air at 20° and 76 cm. 

(Table 19) 0.001204 g. per cu. cm. 

u. Correction for moisture, dew- 
point + 5° (Table 20) — 0.000004 g. per cu. cm. 
V. Atmospheric density {t + m*) = 0.001200 g. per cu. cm. 
W. Density of the air indicated 

byBarodeih 0.00118 " 

X. Correction for the Barodeik 

(t; — TT) = + 0.00002 ** 

* The corrections g and u being negative, are to be added alge- 
braically, but sabtracted numerically. 
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EXPERIMENT VI. 



Note. Single weights are underlined in this table. 







PI 


2^ 

1 


1«| 

"It 


1. 


0.00 


0.00 


8.0 


10.1 


2. 


0.02 


0.00 


18.1 


10.1 


3. 


20.00 


2000 


0.8 


8.6 


4. 


20.02 


20.00 


13.1 


10.0 


6. 


50.00 


60.00 


13.2 


6.2 


6. 


60.02 


50.00 


13.6 


10.2 


7. 


100.00 


100.00 


12.2 


7.8 


8. 


100.02 


100.00 


13.0 


10.1 


9. 


0.00 


0.00 


0.8 


92 


10. 


100.00 


100.00 


11.6 


7.8 


11. 


100.00 


100.00 


11.2 


6.8 


12. 


0.00 


0.00 


11.4 


9.4 



• !2.i 



81 
13.0 

9.8 
13.0 
13.1 
13.4 
12.1 
12.9 

9.8 
11.4 
11.1 
11.2 



I. 



8.05 
13.05 

9.8 
13.05 
13.15 
13.5 
12.15 
12.95 

9.8 
11.5 
11.15 
11.3 






9.1) 
11.6 f 

9.2) 

11.5 J 

9.7 I 
11.8+ j 

10.0) 

11.6 J 

9.5 

9.7 

9.0 

10.4 



2.5 
2.8 
2.1 
1.6 



■2r£ 

a S 



1.3 
1.2 
1.1 

0.8 

I 



y. Mean zero reading in last part of the experiment, t 

i (9^ + <7i2 ) = i (9.5 + 10.4) = . . 10.0 

k. Mean reading of balance with 100 grams in each 

Pan,i07io + ^ii) = i(9.7 + 9.0)= . . 9.4 

/. Mean weight to be added to 100 ^ in left-hand 
pan to balance 100 g. in right-hand pan, 
U— k) ^ t „ 3 = (10.0 - 9.4) .- 0.8 = 0.8 eg. 

m. The same in grams 0.008 g, 

n. Ratio of the balance-arms (-4 j^ + m) -f- -4 j^ or 

100.008 -J- 100 = 1.00008 

* W. B. B., Oct. 1887. 

t The sensitiyeness of this balance is not so g^at as that repre- 
sented in Fig. 16, page 32. 
t The variations in the zero-reading were unusually large. 
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EXPERIMENTS VIII.-X. 



Obsebvations. 



Calcula- 
tions. 



A, Contents qf l^- 
hand pan. 



1.* Glass ball 
[ring No. 1.] 

2.* 102.93 g. 
ring No. 1. 

8 * Glass ball with ) 
wire in water, t ) 

4* 61.82^. 

5.* 0.19^. 

6. Glass ball with ) 
wire in alcohol. X \ 



7. 

8. 



69.00. 
0.19 ^r. 



B. Contents qf right- 
hand pan. 



102.93 g. \ 
[ring No. 2.] J 

Glass hall, ) 
ring No. 2. J 

61.82 i^. 

\ Glass baU with \ 

\ wire in water, t ( 

Wire in water, t 

69.00 

; Glass baU until) 

\ wire in alc(^ol.X ) 

Wire in alcohol. J 



C. Mean in- 
dication of 
pointer. 



10.0 
9.6 

9.8 

11.0 
10.2 

11.0 

10.0 
10.0 



Z>. Corrected 
weight % 



102.930^. 
102.934^. 

61.818^. 

61.810^. 
0.188 g. 

69.010 ^r. 

69.000^. 
0.190 i^. 



t E.^ Temperature of the water. 18°.4. 

I F. Temperature of the alcohol. 20o.O. 

G. Indication qf the Barodeik. .00120 

§ In estimating the exact weight which would hring the pointer 

to No. 10 of the scale, an allowance was made at the rate of 10 mgr. 

for each whole division through which the pointer was deflected. 

This allowance corresponds to the mean sensitiveness of the balance 

determined in Exp. VI. 

* G. H. C, Oct. 1887. 



CALCULATIONS CONTINUED. 



a, Anparent weight of ball in air 

i (Dj + Da) = 102.932 grams, 
h. Apparent weight of ball with 

wire in water ^ (Dg + DJ = 61.814 «' 

c. Apparent weight of wire in water (D^) i= 0.188 " 
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d. Apparent weight of ball alone in water 

{h — c)=z 61.626 grams. 

e. Apparent weight of water displaced 

(a — flO = 41.306 *' 
/. Apparent specific volume of water (Table 22) 
at 18°.4 (see E) in air of density .00120 

(see G) = 1.00247 cu. cm. per g, 

g. Volume of the ball at 18°.4 (e X /) = 41.408 cm. cm. 
h. Weight of air displaced by ball 

(^ X Gr) = 0.050 grams. 
%. Weight of air (Table 20, A) of the density .00120 

(see G) displaced by 1 gram of brass 0.000143 « 
j. Weight of air displaced by brass weights 

(aX0=0-0l5 " 
h. Correction for the buoyancy of air 

(A— y) = 0.035 " 

^ ( True weight of ball in vacuo (a + ^) = 102.967 
I The same by Table 2 1 , assuming den- 
sity of crown glass, 2.5 (Table 10), VgrarM. 
of air, .00120 (see 6?); 

1.00034 X 102.932 (see a) = 102.967 . ' 
m. Density of the ball (/ -^ ^) = . . 2.487 g. per cu. cm. 
n. Apparent weight of ball with wire in alcohol 

j(Dg + D,)= 6^.005 grams. 

0. Apparent weight of wire in alcohol (Dg) = 0.190 " 

p. Apparent weight of ball alone in alcohol 

(n — o)= 68.815 « 

q. Apparent weight of alcohol displaced 

(a — p) = 34.117 ** 

r. Apparent specific gravity of the alcohol 

(g-^e)= 0.826 g. per cu. cm. 

8. True weight of the ball in alcohol 

(^p—pi) = 68.805 grams. 
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r True weight (in vacuo) of alcohol dis- 

t. \ placed (/—«)= 34.162 

(Xhe same by Table 21, for .826 (see "(grams, 

r) and .0012 (see G) ; 
1.00132 Xq = 1.00132 X 34.117 = 34.162 J 
u. Expansion of glass ball between 18°.4 (see E) and 
20^0. (see F), assuming cubical coejficient 
0.000023 (Table 10) ; 0.000023 X (F — E) 
X ^ = 0.000023 X 1-6 X 41.408 = 0.0015 cu. cm. 
V. Volume of glass ball at 20°.0 {g-\-u)= 41.410 '* 
w. Density of the alcohol at 20°.0 

(^ -i- r) = 0.8250 g, per cu, cm, 

EXPERIMENTS XI.-XIV. 

OBSERVATIONS. 

A, Dmsity of air by Barodeik ...... 0.00120 

B. * Weight of Specific Gravity Bottle with air- 118.37 grams, 
a "^WeightofSp.Gr. Bottle filled with water 178.76 " 
D, * Temperature of the water 22°.0 C. 



E, * Weight of Sp. Gr. Bottle partly filled with 

sand 198.10 grams, 

F, * The same with spaces filled with wajter , 225.29 " 

G, * Temperature of the water 23°. 1 C. 



H. Weight of Sp, Gr, Bottle partly filled with 

sulphate of copper 185.84 grams. 

1, The same with spaces filled with alcohol • 211.09 " 
J, Temperature of the alcohol 18^.00 C. 



K, Weight of Sp. Gr, Bottle filled with 

alcohol {only) 168.31 grams, 

L, Temperature of the alcohol 20°.0 C. 
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Calculations. 

a. Apparent weight of water filling Sp. Gr. Bottle 

(0—^)= 60.39 ^ams 

b. Apparent specific volume of water by Table 22 

at 22° (see D) and .00120 (see A) . 1.00322 cu. cm. 

c. Capacity of Sp. Gr. Bottle at 22* 

(6 X «) = 60.58 cu. cm. 

d. Apparent weight of sand (E — B) = . . 79.73 grams. 

e. Weight of sand in vacuo by Table 21, 

assuming densities 2.2 (Oxide of Silicon^ 

Table 9 a), and .00120 (see A), 

1.00041 X <^= 1.00041 X 79.73=79.76 « 
/. Apparent weight of water filling spaces 

(i^—^)= 27.19 " 
g. Apparent specific volume of water by Table 22 

at 23°.l (see 6?), and .00120 (see A) . . 1.00346 
h. Volume of the water filling spaces 

(/ X g) = 27.28 cu. cm. 
i. Volume of the sand {c — h)=. . . . 33.30 " '' 
j. Density of the sand {e — t) = . . 2.395 g, per cu. cm. 



* F. W. B., Oct. 1887. 

h. Apparent specific gravity of alcohol from Experi- 
ment 10 (see Examples 8, 9, and 10, r) 

0.826 g. per cu. cm. 
/. Apparent specific volume (I -^ A:) = 1.211 " " 
m. Apparent weight of alcohol filling spaces 

(I— II) = 25.25 grams, 
n. Volume of this alcohol (/ X w*) = • • 30.58 cu, cm. 
0. Volume of sulphate of copper (c — w) = 30.00 " " 
p. Apparent weight of sulphate of copper 

(jy— B) = 67.47 grams. 
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q. The same reduced to vacuo (Table 21), assuming 
densities 2.3 (Table 9 a) and .00120 (see A), 
1.00039 X P = 1.00039 X 67.47 = 67.50 grams. 

r. Density of the sulphate of copper 

(7 -T- o) == 2.25 g. per cu, cm. 

s. Apparent weight of alcohol filling Sp. Gr. Bottle 

(K—B)= 49M grams. 

t. Weight of air (Table 20 A) of the density .00120 

(see -4) displaced by 1 g. of brass . 0.000143 « 
u. EflTective weight of the alcohol {s — st)=i 49.93 '' 
V. Weight of air filling Sp. Gr. Bottle 

{AXc) = 0.07 *' 
w. Weight of alcohol in vacuo (w + t?) = . 50.00 " 
X. Difference between capacities of Sp. Gr. Bottle at 
22° (see D) and 20° (see Z), assuming cubical 
coejfficient of expansion .000023 (Table 10), 
0.000023 X (i> — Z) X c = 

0.000023 X 2 X 60.58 = 0.003 cu. cm. 
y. Capacity of the Sp. Gr. Bottle at 20° 

(c — x) = 60 58 « 
z. Density of alcohol at 20° {w-^y):=z 0.8254 g. per cu. cm. 
Compare value of x, Examples 8-10 = 0.8250 
Note. The strength of the alcohol corresponding to these 
densities (see Table 27) varies from 87.2 to 87.4 %• 
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EXPERIMENT XV. 

OBSERVATIONS. 

1. Description of Liquids. 2. Temperatures. 3. Readings of 

densimeter. 

A. IHstiUed water, 21® 1.000 

B. Alcohol of Exps, 8-14. 18° 0.831 

C. Glycerine {commercial). 24® 1.250 

D. * Methyl alcohol 21® 0.814 

E. * Saturated salt solution. 21® 1.204 
E. * Solution of bichromate of 

sodium. 20® 1.470 



Corrections. 



♦C. C. B.,1887. 



a. True density of distilled water at 21® (Table 25) 0.99807 

b. Density of 87.3 <^ alcohol (See Examples 

11-14 Note) at 18° (see B 2), by Table 27 0.8269 

c. Density of commercial glycerine at 24® 

(see C 2) according to Table 26 .... 1.254 

d. Correction for densimeter in water (a — A)-=i — 0.002 

e. Correction for " in alcohol (5 — B)^= — 0.004 
/. Correction for " in glycerine {c — C) = -|- 0.004 



See Fig. 21, page 72. 

g. Correction for reading in methyl alcohol t • • — 0.004 
h. Correction for reading in salt solution f • . . + 0.003 
i. Correction for reading in bichromate solution f about 

+ 0.013 (?) 
j. Corrected density of methyl alcohol at 21® . . 0.810 
h Corrected density of salt solution at 21® . . . 1.207 
I. Corrected density of bichromate solution at 20® . 1.49(?) 

t Obtained by the curve on page 62; see § 59. 
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EXPERIMENT XVI. 

FIRST METHOD. 

A. Height of mercurial column 5.00 em. 

B, Height of the column of water 68.10 " 

O. Temperature of the air 20° C. 

d. Difference between the lengths of the columns 

of water and mercury (B — A) = . . . 63.10 cm. 

e. Density of air (Tables 19, 25) about . . . .0012 
/. Equivalent of inequality of air pressure in 

centimetres of water (rf X «) = • • • • ^-^^ cm. 
g. Corrected length of the column of water 

(B-'f)= 68.02 c»i. 

h. Specific gravity of mercury at 20° (g-i- A)= 13.60 
i. Density of water at 20° (Table 25) .... 0.99828 
J. Density of mercury at 20° (A X • • • • ^^-^^ 



SECOND METHOD. 

K. Height of column of glycerine 80.0 cm. 

L. Height of column of water 100.0 cm. 

M. Temperature of the air 20° C. 

n. Difference in length of columns {L — X)= 20.0 cm. 
0. Inequality of air pressure in cm. of water 

(n X c) = 0.0 cm. 

jt>. Corrected length of column of water 

(Z — o) = 100.0 cm. 

q. Specific gravity of glycerine at 20° 

{p-^K) = 1.250 

r. Density of water at 20° (Table 25) ... . 0.99828 

8. Density of glycerine at 20° (^ X r) = . . . 1.248 
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EXPERIMENTS XVIL-XVm. 

A. Weight of Flask with coal-gas / mean of \ 200.500 g. 

B. Weight of Flask with air^ | 5 double ( 201.200 g. 

C. Weight of Flask after exhaustion i weighiDgs. ) 200.600^. 

D. Weight of Flask after admitting water . . 700.0 g. 

E. Weight of Flask completely filled with water 1200.0 g 

F. Temperature of the water 20° C. 

G. Barometric pressure 75.0 cm^ 

h. Apparent weight of water required to 

fill flask (F — £)=z 1000.0 grams. 

». Apparent weight of water equivalent in 

bulk to the air exhausted {D — B)=2 500.0 " 
y. Degree of exhaustion (t h- A) = . . . . 50 ^J. 

k. Weight of air exhausted (^— C) = . 0.600 grams. 
1 1 Specific gravity of this air {k-^i) . . ( 0.00120 ) 
M. I Density of air according to Barodetk = C 0.00120 3 
n. Specific volume of water (Table 22) at 20° 

(see F) and .00120 (see b) = 1.00279 cu. cm. per g. 
0. Capacity of the flask at 20° (A X«) = 1,000.3 cu. cm. 
p. Difference in weight between 1,000.3 cu. cm. of 

air and of coal-gas . . (B — A) = 0.700 grams, 
q. Difference of density (/> -^ o) = 0.000700 g. per cu. cm. 
r. Density of the coal-gas at 20° (see F) and 75 cm. 

(see G) = {M—q)= . . 0.000500 g. per cu. cm. 
s. Factor for reducing density from 20° to 0° 

(Table 18 e) 1.0734 

t. Factor for reducing density from 75 cm. 

to 76 em. (Table 18 rf) 1.0133 

ti. Density of coal-gas at 0° and 76 cm. 

r X * X t = O.OOOb^g.percu.cm. 
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EXPERIMENT XIX. 



* Readings of Vernier Gauge set 
on glass baU ofExps. 8-10. 



1. 


4.300 cm. 


2. 


4.303 " 


3. 


4.302 *' 


4. 


4.313 " 


5. 


4.313 « 


6. 


4.300 " 


7. 


4.311 " 


8. 


4.310 " 


9. 


4.316 " 


10. 


4.311 " 



A. Average 4.3078 cm, 

B, * Zero-reading of gauge 

0.000 cm. 

c. Corrected diameter 

{A — B)=^ . . 4.308 " 

d. Apparent weight of water 

displaced by the glass 
ball (Examples 8-10, e) 

41.306 grams. 

e. Apparent specific yolume 

of water (Table 22) at 
18^.4 (Examples 8-10) 

1.00247 per g. cu, cm, 

f. Volume of glass ball 

(d X e) = . 41.408 cu. cm. 

g. Diameterof sphere (Table 

8, H) with yolume equal 
to 41.408 cu. COT. (see/) 

4.293 cm. 
h. Reduction Factor for gauge 
(^-^c)= . . . . 0.9965 



II. * Beadings of Micrometer Gauge 
set on steel halls ofExps, 2-i. 



1. 
2. 
8. 
4. 
6. 
6. 
7. 
8. 
9. 
10. 



7.976 revolutions, 

7.990 

7.968 

7.978 

7.980 

7.981 

7.931 

7.966 

7.936 " 

7.968 



A, Average 7.9664 revolutions. 

B, * Zero^eading of gauge 

0.00036 reo. 

c. Corrected number of rev- 

olutions (A — -B) = 

7.9629 « 

d. Apparent weight of water 

displaced by 1 steel ball 
(^ of in Examples 
%A) . . . 0.2ms grams. 

e. Apparent specific volume 

of water (Table 22) at 
20^.5 (Examples 2-4) 

1.00290 cu, cm. per g, 

f. Average volume of steel 

balls {dXe)= 0.2610 cu, cm, 

g. Diameter of sphere (Table 

3, H.) with volume 261.0 
cu, mm. (see/) . 7.929 mm. 
h. Pitch of the micrometer 
screw (^ -f- c) = 

0.9967 mm. per rev. 

* A. E. T., Nov. 29, 1887. 
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EXPERIMENTS XX., XXL 

READINGS OF SPHEBOMETEB. 



A.* On Plane glass, 


B.*On Lens, 


a •On Lens, 


D. * On Plane 


Ist surface. 


l8t surface. 


2d sufface. 


2d surfcuce. 


1. 1.3393 cm. 


1.1693 cm. 


1.1596 cm. 


1.3396 cwi. 


2. 1.3307 


1.1595 


1.1596 


1.3393 


3. 1.8397 


1.1596 


1.1593 


1.3394 


4. I.a391 


1.1593 


1.1596 


1.3397 


6. 1.3396 


1.1597 


1.1694 


1.3397 


6. 1.3395 


1.1592 


1.1594 


1.8396 


7. 1.3396 


1.1595 


1.1596 


1.3396 


8. 1.3396 


1.1595 


1.1595 


1.3393 


9. 1.3393 


1.1594 


1.1696 


1.3392 


10. 1.3395 


1.1595 


1.1596 


1.3392 


Averages * 1.33948 cm. 


1.15945 cm. 


1.16949 cm. 


1.33944 cm. 



Oblique distances op Central Point: — 

E. *from Ist foot, F. */rom 2d foot, G. *from Sdfoot. 

1. 2.218 COT. 1. 2.212 cm, L 2.215 cm. 

2. 2.22 cm. 2. 2.200 cw. 2. 2.225 cot. 

3. 2.225 COT. 3. 2.210 COT. 3. 2.248 cot. 

h,* Average for plane glass ^ (A-\'D) = . 1 .33946 cm. 

i.* Average for lens ^ (^5+ C7) = . . . . 1.15947 « 



0.17999 COT. 



j.* Height of spherical surface (A — t) = 
k** Average distance of central point from 

three feet (see E, F, & G,) 2.219 

/.* Mean radius of curvature, 

J2^_ 1 2.219 X 2.219 _ 
J 



i-^=i 



13.68 



0.17999 

* C. A. B., Oct. 12 and 14, 1885. 

Note. It has been assumed in these calculations that the 
pitch of the spherometer screw is 1.000 otot. per revolution. 
The determination of this pitch is identical with that of a mi- 
crometer. — See Example 19, II. 
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EXPERIMENT XXII. 

Obsebyations. 

A, Temperature of brass rod surrounded hy water 20°.l 

B, Length of the rod at about 20° 1000. mm. 

C, Reading of the micrometer 9.121 iww. 

D, Reading of the micrometer after the 

admission of steam 10.643 mm, 

E, Reading of the barometer 30.0 inches. 

Calculations. 
/. Readiog of barometer, 30.0 inches 

(see E), reduced to cm. (Table 16) . . .76.2 cm. 
g. Temperature of steam at this pressure (Table 14) 100°.07 
h. Increase of temperature {g — -4) = . . . . 80°.0 

i. Expansion of rod {D — O) =. 1.522 mm. 

y. Expansion for 1° (t -^ A) = 0.01903 mm. 

k. Expansion for 1** and for 1 mm, (J -^ B) = 

0.00001903 mm. 
I Mean coefficient of linear expansion of brass rod 
between 20° and 100° in terms of its length, 

at 20° k= 0.0000190 + 

Note. It is assumed in these calculations that the pitch 
of the micrometer screw is 1.000 mm. per revolution. See, 
however, Example 19, II., in which the pitch of a similar 
screw is determined. 

EXPERIMENT XXIII. 

Observations. 

A. Outside diameter of the tvhes (mean of 4^ settings on 

horizontal bends) 1.00 cm. 

B. Difference of level in water-gauge due to admission 

of steam to left-hand jacket 4.03 cm. 
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G. Distance between the bends of left-hand tube when 

expanded by steam 99.05 cm. 

D. Temperature of the water in right-hand jacket 

(mean of 3 obs.with self -registering thermometer) IS^. 2 C. 

K Difference of level in water-gauge due to admission 

of steam to right-hand jacket 3.98 cm, 

F, Distance between bends of right-hand tube when 

expanded by steam 98.95 cm. 

G, Temperature of the water in left-hand jacket (mean 

of 3 obs, with self-registering thermometer) 20°.6 C. 
H, Barometric pressure 29.3 inches. 

Calculations. 

i. Barometric pressure (£t) reduced to cm, 

(Table 16) 74.4 cw. 

j. Temperature of steam condensing at this 

pressure (?*), see Table 16 99° 41 C, 

h Mean temperature of cold water, ^ (-0+ G) = 19°.4 C. 
/. Difference of temperature (j — k)=. . , 80°.0 C. 
m. Mean length of tubes between bends, 

i (0 +F)= 99.00cm. 

n. Mean length of column of hot water 

(m + ^)= 100.00 cm. 

0. Mean difference of level in gauge, ^ (B-^E) = 4.005 cm. 
p. Mean length of column of cold water balancing 

the column of hot water (n — o) = . . 95.995 cm, 
q. Relative specific volume of water at 99°. 4 (see^) 

and at 19°.4 (see k), 

(w -^ p) = 100.00 -f. 95.995 = . . . 1.0417 

r. Increase of specific volume per degree 

(^_1)_^Z=. 0417 -^80.0= . . . 0.000521 

Note. The last result (r) represents the mean cubical 
coefficient of expansion of water between 19°,4 and 99°.4, in 
terms of its volume at 19°.4. 
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EXPERIMENT XXIV. 

Observations. 

A.* Weight of Specific Gravity Bottle with air 

126.565 gratns. 
B* Weight of Sp. Gr. Battle with water . 182.657 '« 

G* Temperature of the water 21® C. 

i).* Weight of Sp. Gr. BoUle with alcohol) ( 172.49 grams. 
E* Temperature of the alcohol in D . ) X 16°.7 C. 

F* Weight of Sp. Gr. Bottle with alcohol ) ( 171.42 grams. 
G.* Temperature of the alcohol in F . ) \ 39°.2 C. 

H.* Weight of Sp. Gr. Bottle with alcohol \ ( 170.43 grams. 

I.* Temperature of the alcohol in ff . W 59°.2 C. 

J.* Weight of Sp. Gr. Bottle with alcohol} ( 169.44 grams. 
K* Temperature of the alcohol in J . ) X 76°.3 C. 

Calculations. 
a. Apparent weight of water filling 

Sp. Gr. Bottle (B — A) = . . . 56.092 grams, 
h Apparent specific volume of water 

(Table 22) at 21° (see O), assuming 
the (mean) density of air .00120 

1.00300 cu. cm. per g. 

c. Capacity of Sp. Gr. Bottle at 21** 

(/ X w) = 56.260 cu. cm. 

d. Coefiicient of cubical expansion of 

glass (Table 10) 0.000023 

Capacity of Sp. Gr. Bottle. 

e. at 16^7 (see E)c — cd{ G— E) = . 56.254 cu. cm. 

f. at 39°.2 (see G) c -^ cd {G -- 0) = . 56.284 " 

g. at 59^2 (see I) c + cd (I—O) = . . 56.309 '* 
A. at 76^3 (see K) c + cd (K— 0) = . 56.332 " 
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Apparent weights of alcohol filling Sp. Gr. Bottle. 
i. at 16°.7 (see J^), (D — A)=i .... ^5.93 grams, 
j. at 39^2 (see G), {F—A)= .... 44.86 " 
L at 59^.2 (see /), (H— A) z= .... 43.87 « 
/. at 76^3 (see K), (J— ^) = .... 42.88 " 

Apparent specific volumes of alcohol. 
m. at 16*=*.7 (see E), (e -^ i) = . . 1.2248'cw. cm, per g. 
n. at39°.2(see 6?), (/-i-y)= . . 1.2547 '' 
o. at 59°.2 (see /), (^ -^ A) = . . 1.2835 " 
p. at 760.3 (see A^, (A ~ /) = . . 1.3137 '' '* 

q. at 0°, INFERRED 

(m — (p — m)-^{K—U)xE)=z 1.200 « '« 

Mean coefficient of expansion in terms of the volume at 0^. 

r. from 16°.7 to 39^2, {71 — m) -^ q -i- (G — JS) = .00111 

s. fi-om 39°.2 to 59^2, (0 — n) -^ q -^ (/— G) = .00120 

t. from 59^2 to 76^.3, (p—o)-i-q-^ (K— I) = .00147 

* G., Feb. 18, 1886. 

EXPERIMENT XXV. 

A* Reading of the thermometer in melting snow 
h* Correction of thermometer at 0° ( — A ) = 
C* Heading of barometer (reduced to cm,) . . 
d.* Corresponding temperature of steam 

(Table 14) 
E.* Reading of the thermometer in steam . . . 
/.* Correction for thermometer at 100° 

(d-I!)= 

G.* 50'degree column reaches from 0° up to . . 
h.* The same would have reached from the freezing 

point, — 0°.l (see ^)upto 50°.3 C. 

I* The same reaches from 100^ down to . . . 51°.3 C. 
j,* The same would have reached from the normal 

boiling point, 100°. 1 (see/) down to . 51°.4 C. 
25 



— OM C. 


+ 0°.l C. 


76.535 cm. 


100°.19 C. 


100°. 3 C. 


— 0°1 C. 


50°.4 C. 
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k* Middle-point of thermometer, ^ (h +7') = 50°.85 C. 

/.* Correction of thermometer at 50 

(50o_ifc)= —0°.85C. 

M.* 25-deffree column reaches from 0"* up to , . 24^.8 C. 

nJ* The same would have reached from the freezing- 
point, — OM (see ^) up to 24*».7 C. 

0* The same reaches from 50° down to . . . 25°.3 C. 

/?.* The same would have reached from the middle- 
point, 50°.85 (see h) down to . . • . 26°.15 C. 

$.* The same reaches from 50° up to ... . 74^.2 C. 

r.* The same would have reached from the middle- 
point, 50°.85 (see A;) up to 75^05 C. 

S.* The same reaches from 100«> down to . . . 76°.2 C. 
t* The same would have reached from the normal 

boiling-point, 100°.l (see/) down to . 76°.3 C. 

u.* First quarter-point of thermometer, 

i(n+jt?)= 25^42 0. 

V,* Correction for the thermometer at 25° 

(25 — w)= — 0°.42 C. 

w.* Last quarter-point of thermometer, 

i(r + t) = 75°.67 C. 

a;.* Correction for thermometer at 75° 

(75 — fr)= — 0°.67C. 

Note made by student. " Notice how far off the 
higher readings are. I repeated the measurements several 
times to assure myself there was no mistake." 

* C. A. E., Feb. 18, 1886. 
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EXPERIMENT XXVI. 



Calibration of Air Thebhometeb. 



A. 
cury 
ter. 


Depth qf mer- 
m thermome- 


B. Weight qf ther- 
mometer and mer- 
cury. 


c. Weight of mer- 
cury (21— /?,). 


d. Volame ofmer. 
cury (.0788 X c). 


1. 


0.0 cm. 


46.0 grams. 


0.0 grams. 


0.00 ctt. cm. 


2. 


10.8 « 


60.6 " 


5.5 " 


0.41 " 


3. 


18.1 « 


56.0 " 


10.0 « 


0.74 •' 


4. 


22.7 " 


68.2 '* 


132 " 


0.97 " 


6. 


29.6 " 


63.6 " 


18.6 " 


1.36 « 


6. 


37.9 " 


70.0 " 


25.0 " 


1.85 '* 


7. 


43.0 " 


74.1 " 


29.1 '* 


2.16 " 



See Fig. 57, page 120. 

.E, Beading of the air thermometer in melting mow 27.3 cm, 

F. Reading of the air thermometer in steam . . 36.1 cm. 

G. Reading of the air thermometer in water . . 29.1 cm. 
H, Reading of a mercurial thermometer in the same 18°.0 C. 

t. Volume corresponding to E by interpolation 

between d^ and d^ (§ 59) 1.23 cu. cm. 

j. Volume corresponding to -Fby interpolation 1.73 " 
k. Volame corresponding to G " ** 1.33 ** 

/. Temperature of the water (formula VIII., IT 74), 

100° X (^ — -^ (i — = . . . . 20°. C. 
tn. Absolute zero of temperature (formula IX., IT 74), 

— lOQo X » -^ 0' — 0= • .— 246°C. 
n. Coefficient of expansion of air (formula X., IT 74), 

(y — O-^i -J- 100= 0041 

Note. It is not unusual to find, as in the example, varia- 
tions of calibre in a tube which would, unless corrected for, 
introduce errors of at least 20 % into the results. A very 
slight quantity of moisture (about ^ w^.) in the tube of 
the thermometer would account for the error (about 10 ^) 
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in the last two results (m and n). In view of such an error, 
the determination of temperature (/) must be considered as a 
means of confirming rather than correcting the reading of 
the mercurial thermometer (^H), 

EXPERIMENT XXVH. 

Observations. 

A. Reading of air thermometer in melting snow 273® C. 

B. Height of mercurial column in barometer . . 75.60 cm. 

C. Height of mercurial column in manometer necessary 

to make air thermometer read 273° in steam 28.00 cm, 

D. The same in water 7.00 cm. 

E. Reading of mercurial thermometer in the water 20°.0 C. 

Calculations. 

/. Temperature of steam (Table 14) 

at 75.60 cm. (see B) 99°.85 C. 

g. Temperature of the water (1st formula, IT 76), 

fXD^G= 99°.85 X 7.00 -r- 28.00 = 24o.96 C. 
h. Absolute zero of temperature (2d formula, % 76), 

-fXB^ C7 = 

— 99^.85 X 75.60 -^ 28.00 = . . — 269^.6 \ 

i. The same (accepted value) — 273° i 

j. Error of the determination (Ji — t) -s- A^ 1 %. -|- 
k. Coefficient of increase of pressure of confined air 

(3d formula, IF 76), 

(7-5-^-4-/=28.00 -5- 75.60 -^99.85= .00371) 

/. The same (accepted value) 00367 ) 

m. Error of the determination {k — /)-=-A;=. 1% + 
n. Correction for the mercurial thermometer at 20° 

{g — E)= . .• +5°.0C. 
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Note. In view of the comparatively close agreement 
(within 2 ^) of the results in h and in h with accepted values, 
it may be assumed that the determination of temperature in 
g is accurate within a few tenths of a degree; hence the large 
correction (-[- 5°.0) in n is justified. Since, however, so 
large a correction is improbable, the thermometer in question 
should be compared with one already calibrated (Exp. 25). 
Such a comparison might possibly show that Keaumur's (not 
the Centigrade) scale was employed. This would account for 
the results of observation. 

The data in the example are sufficiently accurate to serve 
as a rough check (§ 45) upon the results of calibration (Exp. 
25) ; but not as a means of correcting such results. 



EXPERIMENT XXVIII. 
A. Beading of mercunal barometer . . . 



75.2 cm. 



B. Readings of 
Mercurial Man- 
ometer. 


C. Readings 
cf Air Manom- 
eter. 


d. Volume of 
the ftir [Example 
26cfJ. 


c. Presrare of 

the air [^ i B]. 


/. Product 
of Volume 
and Pressure. 


— 26.2c/n. 


40.75 cm. 


2.01 CM. cm. 


50.0 cm. 


100.2 


— 15.2 " 


86.08 « 


1.67 « 


60.0 " 


100.2 


— 6.2 « 


30.62 " 


1.43 " 


70.0 « 


100.1 


00 " 


29.00 " 


1.83 " 


75.2 " 


100.0 


+ 48 " 


27.68 " 


1.26 " 


80.0 " 


100.0 


+ 14.8 " 


25.02 " 


1.11 " 


90.0 " 


99.9 


+ 24.8 " 


22.87 " 


1.00 " 


100.0 " 


100.0 


+ 34.8 " 


21.58 " 


0.91 " 


no.o " 


100.1 


+ 44.8 « 


20.36 " 


0.83 " 


120.0 " 


99.6 


+ 54.8 " 


19.02 '* 


0.77 " 


130.0 " 


100.1 


+ 64.8 " 


17.77 " 


0.71 ." 


140 " 


99.4 


+ 74.8 " 


16.72 " 


0.66 " 


150.0 " 


99.0 
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G. Temperatures 0/ 
boiling ether. 


H. Readings of Air 
Manometer. 


sures (see e). 


65°.0 


16.91 cm. 


148.2 cm. 


50O.0 


19.22 •* 


128.6 " 


46O.0 


21.60 " 


109.6 " 


40°.0 


24.63 " 


92.3 « 


350.0 


28.20 « 


78.0 " 


8O0.O 


39.73 " 


61.8 " 



I^See Fig. 65, If 79. 

Note. This example has, for simplicity, been calculated 
so that the products under/ are all nearly equal to 100. 
The (approximate) agreement of these products follows from 
Mariotte's Law (§ 79), and serves as a mutual confirmation 
of the data under Example 2Q, A & B^ and under Example 
28, B & C, upon which these products depend. 



EXPERIMENT XXIX. 
Observations. 



A. Barometric pressure 

B. Temperature of the warm water . . 
O, Weight of flask with warm water . , 
J). T7ie same after opening under ice-water 
E, Weight of fia^hfiUed with water . . 



70.0 cm. 
50°.0 C. 

50.0 g. 

80.0 g. 
170.0 g. 



Calculations. 

/. Volume of moist air in the flask at 50° (see B) 

and 76 cm. (see A), (E— C) nearly = 120.0 cu. cm. 
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g. Volume of (nearly) drj air in the flask at 0^ and 

76 cm. (see A), {£—D)y nearly = . 90.0 cu. cm. 
h. Degree of exhaustion produced by cooling to 0^ 

{9-^f)= 75.0% 

f. Pressure of the (nearly) dry air at (f (A X -4) = 57. 0cm. 
j. The same at 50° (see B) 

% X (273 + 3)^ 273 = % X 823 -^ 273 = 67.4 cm. 
k. Additional pressure of aqueous vapor at 50^ 

(8eeB),{A—j)— 8.6 cm. 

I. 1 cm. mercury (Table 49 b) in megadynes per 

8q.cm,= 0.0133 

( k cm. of mercury (kl) = .... 0.1141 , 

m. < ^ .7 V/ tnegadynei 

C Difference between the pressure of I 

aqueous vapor at 50*^ and at 0** by 
Table 13, 0.117 J *^' ^' 



EXPERIMENT XXX. 

[Mean of two or more observations.] 

A.* Barometric pressure . [76.00 cm."] 

B* Faraffine melts at 54°-58^ 

a* Alcohol hoiUat 79^2 

D* Chloroform both at 60°.6 

E.* Bisulphide of carbon boils at 47°. 1 

F.* Ether boils at 35°.3 

* S. L. B., Nov. 1887. 
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EXPERIMENT XXXI. 

A. Weight of empty calorimeter {inner cup only) 100.0 grams. 

B. The same nearly filed with water . . . 180.0 '< 
c. Weight of water in calorimeter {B — -4) = 80.0 " 

D, Time required to cool (1) from 80© to 70° 10 min. sec* 

(2) " 70° « 60° 12 " « 

(3) " 60° " 50° 17 " " 
Total (4) " 80° " 50° . 39 " " 

E. Weight of calorimeter with a little water . 120.0 grams, 
f Weight of the water {E—A)=. . . 20.0 " 
G. Time required when shaken 

to cool (\)from 80° to 70° 3 min. 20 sec. 

(2) " 70° " 60° 4 " " 

(3) « 60° " 50° 5 " 40 « 
Total (4) « 80° " 50° 13 « " 

If. Tims required without shaking 

to cool (1) from 80° to 70° 5 min. sec. 

(2) « 70° " 60° 6 " " 

(3) " 60° " 50° 8 " 30 " 
Total (4) " 80° " 50° 19 " 30 « 

I. Weight of calorimeter with turpentine . , . 175 grams, 

j. Weight of turpentine (/— • J) = . . . 75 " 
K. Time required to cool {I) from 80° to 70° 5 min. sec. 

(2) *' 70° " 60° 6 " " 

(3) " 60° '^ 50° 8 *' 30 " 
Total (4) « 80° " 50° 19 " 30 " 

L. Temperature of the room 25«>.0 C. 

m. Difference between the weights in c and in / 60.0 grams. 

n. Corresponding difference in total time of cooling 

{D^—G^)=z 2^,0 minutes 

o. Total time of cooling with 20 grams ( 6?J = 13.0 " 
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p. Corresponding thermal capacitj 

(m X -5- w) = 30.0 

q. Thermal capacity of calorimeter alone 

{p-f)= 10.0 

r. Thermal capacity of calorimeter with 

turpentine (m X -^4 -5- ») = 45.0 

8, Thermal capacity of turpentine alone 

{r — q)= 35.0 

t. Specific heat of the turpentine (« -r-j) = . . . 0.4 



Mean temperature within 
calorimeter. 


No ofuDitsofheatloflt 
in 1 minute. 


The Mime reduced to P 
difference in temperature. 


aborro^. 


V- 

above L, 


ii,nn 


T^^tll 


V = 


(/-"). 


(1) 75°.0 

(2) 66°0 

(3) 56^0 


50°.0 
40°.0 
30^.0 


90 
76 
63 


60 
60 
35 


1.80 

188 
1.77 


1.20 
1.26 
1.17 


Ayerage 65. 


40. 


73 


48 


1.8 


1.2 



EXPERIMENT XXXII. 



First Method. 



A. Weight of empty calorimeter {inner cup) . 100.0 grams, 

B. Temperature of air within calorimeter . 18**.0 C. 



1. 
2. 
3. 
4. 
5. 



C. Temperatures of water, 
40°.6 (just before pouring) 
(not stationary) 
37^.4 
37°. 1 
36^.8 



E, Weight of calorimeter with water 



£>. Times. 

10 m, sec, 

11 " " 

12 " '' 

13 " '' 

14 " " 

. ISO, grams. 
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f. Rate of cooling per minute 

g. Temperature reduced to time of pouriug 

(/X(A-A)+^8= • . . . 38^0 c. 

h. Rise of temperature of calorimeter (^ — B)z=z 20°.0 C. 
i. Fall of temperature of the water {C^ — ^) = 2^.6 C. 

y. Weight of water (^ — A)-=. 80.0 ^rams. 

h. Units of heat given out (i Xj)-= . • . 208 units. 

1, Thermal capacity of calorimeter (k-^h)= 10.4 

Second Method. 

M. Temperature of cold water _|- io°,0 C. 

N. Temperature of shot in calorimeter just before sub- 
stitution of cold water 83° C. 

0. Resulting temperature 18^.0 C. 

P, Weight of colorimeter with water . . . .180.0 grams. 

^. Weight of water (P — ^)= 80.0 " 

r. Rise of temperature of water (0 — M) = 8°.0 C. 

«. Units of heat absorbed by water (q X r) = 640 

t. Fall of temperature of calorimeter (N — 0) = 65°. C. 
u. Thermal capacity of calorimeter (« -5- <) = . 9.9 

Third Method. 

V, Volume of water displaced by thermometer when 

immersed to the ordinary depth .... 0.9 cm. cm. 

W. Weight of (brass) stirrer 2.0 grams, 

X. Thermal capacity of inner cup (brass) and stirrer 

(1st footnote, page 161), 0.094 x (^ + H^) = 9.6 

y. Thermal capacity of the thermometer (2d footnote, 

page 161),0.46 X F= 0.4 

2. Total thermal capacity (a? -|- y) = ... 10.0 
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EXPERIMENT XXXIIL 

Detebmination of the Specific Heat of Lead Shot 
(IT 94, I.). 

[A.] [ Weight of calorimeter with packing, 

4rc., nearly filled with lead shot^ . [797.47 grams'], 
B* The same without lead shot .... 357.44 grams 
G* Weight of bottle with ice and water 

before using 501.02 " 

D.* Indication of the thermometer in the ice-water -\- 0°.7 C. 
E,* Temperature of air in calorimeter . . 23°.5 C. 

F.* Temperature of shot in heater .... 98°. C. 

G.* Temperature of mixture 22°.7 C. 

H.* Weight of calorimeter icith mixture . . 846.17 ^am«. 
Z* Weight of bottle with ice and water after using 

452.32 " 
. ( Weight of water used ( O—I) = . 48.70 ) ,^ 
•^* t The same (^—^)= . . . . . 48.70 > 
^ ( Weight of lead shot (A — B)= . 440.03 ) « 

t The same (IT— B)'~{C—I)= 440.03 ) 

I* Change of temperature in water {G—D)= 22°.0 C. 

m* No. of units of heat absorbed by water (^ X = ^^71+ 

n.* Change of temperature in lead shot {F — G) = 75°.3 C. 

0. Thermal capacity of shot (w -5- w) = . . . 14.22 

p.* Specific heat of the lead shot (o-hk)= . . 0.0323 + 

* J. E. W., Feb., 188G. 

Note. The inner cup of the calorimeter employed in this 
determination weighed about 44 grams, and had accordingly 
a thermal capacity equal to about 4 grams of water. Since 
its temperature fell from 23^.5 to 22°.7, that is 0°.8 C, a de- 
duction of 0.8 X 4 = 3 + units should strictly be made from 
the number of heat units, 1071 + (see m), apparently given 
out by the shot. This would make the specific heat (in p) 
0.0320 instead of 0.0323. 
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EXPERIMENT XXXIV. 



First Method. 

A»* Temperature of the room . 
J5.* Weight of bottle with kerosene , 
C* Weight of bottle with water 
D,* Temperature of kerosene . 
JE,* Temperature of water . . 
FJ* Temperature of mixture . 
G.* Weight of bottle with water remaining 
JI* Weight of bottle with kerosene remaining 
i. Specific heat of kerosene referred to water^ cal- 
culated as in the last example, 
{0— G) X (E—F) ^ {B—H) ^ {F^D) = 

0.47 + 
* F. S. D., Feb., 1886. 



24°.3 C. 


308.9 grams. 


267.1 " 


. . 9°.2C. 


. . 63°. C. 


. . 24°.3 C. 


. 254.6 grams. 


. 241.5 " 



Second Method. 

J. Temperature of the room 23°.0 C. 

K. Weight of lead shot 300.0 grams. 

L. Weight of bottle with alcohol before using . 500.0 " 

M. Temperature of the alcohol -f~ 1°.0 C. 

N. Temperature of the shot 98°. C. 

0. Temperature of the mixture 23°.0 C. 

P. Weight of bottle with alcohol after using . 450.0 grams. 

q. Specific heat of the lead shot 

(see the last example) 0.0320 

r. Heat units given to alcohol, q X J^X (^— 0) = 720 

s. Specific heat of the alcohol 

r-^{L — P)^{0 — M)=. . . 0.65 + 
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Note. For a fuller statement of the calculations, see last 
example. On account of the agreement of the temperature 
of the mixture with that of the room, no allowance for the 
thermal capacity of the calorimeter is to be made. 



EXPERIMENT XXXV. 



/. Preliminary observatioru, 

A, 10 grams water at 20P with 

10 grams alcohol at 20° 
gives mixture at . . 28P C. 

B. The same with water at 

10° C 2V>C, 

c. Temperature of water (es- 
timated) which would 
give mixture at 20*^, 
about 8°C. 



D, Weight of glass beaker used 

as inner cup of calorimeter 

30.00(7. 

E, The same with {about) 60 

grams of alcohol . 80.00 g. 

F. Temperature of the same 20°.0 C. 

G. Temperature of cold water 

just before pouring, risen 
to 8°0C. 

H. Temperature of mixture "i^.^iC. 

I. Weight of the same in calo- 
rimeter .... 180.00 5^. 

j. Weight of alcohol 

(E—D)= . . 60.00^. 

k. Weight of water 

(/—£)= . . . 50.00^. 

/. Change of temperature in 
water (^— G) = 12o.O C. 

m. No. of units of heat given 

out(^X/)= . . 600 

n. Latent heat of mixture per 
gram of alcohol 
{jn-TJ)=- . . . 12.0 



II. Preliminary observations, 

A, 10 grams water at 20^ with 

I gram nitrate of ammonium 
at 20° gives mixture at 14° C. 

B, The same with water at 80 C. 

23° C. 
c. Temperature of water (es- 
timated) which would 
give mixture at 20° 27° C. 



D. Weight of glass beaker used 

as inner cup of calorimeter 

SO.OOg. 

E. The same with (about) 10 

grams of nitrate of am- 
monium .... 40.00^. 

F. Temperature of the same 20°.0 C. 

G. Temperature of water just 

before pouring, fallen to 

270.0 C. 

H. Temperature of mixture ^XP.OC 
I. Weight of the same in calo- 
rimeter .... 140.00^. 
j. Weight of nitrate of am- 
monium (E — 'D) = 10.00^. 
k. Weight of water 

(/ — £:)= . . . 100.00^. 
/. Change of temperature in 

water (G — F)= 7<*.0 C. 
m. No. of units of heat ab- 
sorbed (ifc X /) = . 700 
n. Latent heat of solution 
per gram of nitrate of 
ammonium m -r j = 70 
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EXPERIMENT XXXVL 
Observations. 

A. Weight of empty calorimeter {inner cup) . 77.00 grams. 

B. Weight of cotton waste with ice .... 100.00 " 
(7. TempercUures of water in calorimeter . . D. Times. 

1. 41**.0 C. 20 min. sec. 

2. 40°.5C. 21 « " 

3. [Ice transferred to calorimeter.] 22 " " 

4. 13^4 0. 23 '' '' 

5. 10°.0C. 24 « *' 

6. 10°.0 C. 25 " '' 

K Temperature of the room 23° C. 

F. Weight of cotton waste 60.00 ^am<. 

G. Weight of calorimeter with mixture . . 229.20 " 

Calculations. 
h. Weight of ice used {B — F)'= . . . 40.00 ^om*. 
i. Weight of water used {G — A — h)=. . 112.20 " 
j. Thermal capacity of (brass) cap (.094 A) = 7.2 

L Add for thermometer and stirrer (see Examp. 3) 0.6 

/. Total thermal capacity of calorimeter (J -\- 1c) =. 7.8 
m. Thermal capacity of calorimeter with water 

(i + Z)= 120.0 

n. Temperature of water reduced to time (Z)g) of 

mixing, 0^ — {G^—G^= . . . . 40°.0 C. 

Temperature of mixture, C^z=z G^z=z . . 10°.0 C. 

Change of temperature of water (n — o) = 30°.0 C. 
Heat units absorbed (m X J») =. • • • 3600 

Heat units absorbed by 1 gram of ice (^ -^- A) = 90.0 
Heat units absorbed in raising 1 gram of melted 

ice to the temperature of the mixture, o == 10.0 

t. Heat required to melt 1 gram of ice (r — s) = 80,0 



0, 

9- 
r. 

s. 
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EXPERIMENT XXXVIL 

Obsebyations. 

-4.* Weight of brass calorimeter (inner cup) 76.974 grams. 
B.* Weight of calorimeter^ thermometer^ 

and stirrer 99.850 " 

CI* The same with water ....'... 223.670 " 
D,* Temperatures of the water at intervals of 1 minute: 

Before admitting During admission of After admission of 
steam. steam. steam. 

1. 80.4 4. 2XP, 6. 27°.7 

2. 80.6 6. 27°.8 7. 27V2 

3. 8°.6 8. 27°.0 

9. 27°.0 

K [Overflow from trap] . . . n, . . [none] 

F. [Temperature of the room^ .... [18°?] 

6r.* Weight of calorimeter with water and condensed 

steam 227.710 ^rmm*. 

ffj* Barometric pressure 74.96 eiw. 

Calculations. 

t. Temperature of steam at pressure in H 

(Table 14) 99^6 C. 

j. Eate of increase of temperature before 

admission of steam i (Z^g — Z),) = • 0°.l per min. 
k. Rate of cooling after admission of steam 

i(A-A)= ^"'^ " 

/. Temperature of water calculated forward to the 

time of 4th observation {D^ +y) = . . . 8°.7 C. 
fw. The same calculated backward (Z>y + 3 *) z= . 27°.5 C. 

n. Rise of temperature (m — /) = 18°.8 C. 

0. Thermal capacity of calorimeter (see Examp. 36, /) 7.67 
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p. Weight of water in calorimeter ( (7 — B)= . 123.82 
q. Total thermal capacity (o -f- jo) = .... 131.49 
r. Units of heat given out (w X 9) = .... 2472 
8, Weight of steam condensed (G — 0)=. 4.040 grams, 
t. Units of heat per gram of steam (r -^ <) = 611.9 
M. Units of heat given out by 1 gram of condensed 
steam in cooling to the temperature of the mix- 
ture (i — m)= 72.1 

V, Heat given out in the condensation of 1 gram of 

steam (t — w)= 540 

*M. B., Feb. 1886. 

EXPERIMENT XXXVHI. 

A,* Weight of zinc filings 1.00 gram. 

B* Weight of glass calorimeter 23.92 *^ 

G* Weight of haUery solution .... 96.[00] " 
D.* Temperature of battery solution . . . 19^.5 C. 

£!.* Time occupied by chemical action ... 7 minutes. 
F.* Resulting temperature (maximum) . . . 43°. [0] C. 
G.* Temperature 1.5 minutes later .... 42°. [0] C. 

h. Correction for cooling ^ EX (F— 6?) -f- 1.5 = 2°.3 C. 

i. Corrected temperature due to chemical action 

{F+h)= 45°.3C. 

j. Specific heat of battery solution f . . . . 0.60 

Jc. Thermal capacity of the solution ( (7 xy)= 57.6 

/. Thermal capacity of glass calorimeter (0.19 B) = 4.5 
m. Thermal capacity of thermometer and stirrer 0.6 

n. Thermal capacity of 1 gram of zinc (Table 8) 0.1 

t The specific heat in^ was taken from Table 30, for 50 % sulphu- 
ric acid, assuming that the small quantity of bichromates present 
would not essentially modify the result. For methods of determining 
the specific heat of liquids, see Exp. 32. 
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0. Total thermal capacity (k-^- 1 -\' m -\- n) = 62.8 

p, Kise in temperature (» — D) = . . . . 25°.8 C. 
g. Units of heat developed (o -\- p) =, . . 1620 



B.* Weight of zinc oxide 

S.* Weight of baUery solution .... 
71* Temperature of battery solution . . 
U,* Temperature of mixture (maximum) 
V. Total thermal capacity as in o . . 
w. Rise of temperature ( U — T) = . 
X. Units of heat developed (r X «^) = 
y. Difference between the number of units 
developed by 1 gram of zinc and by 



. 1.25 grams. 
96.[00] « 
. 17°.[0]C. 
21°.3 C. 
62.8 
4°. 3 C. 
270 
of heat 
its equiv- 



alent (1.25 grams) of zinc oxide {q — y) = 1350 

* E. L. A., March, 1888., 



EXPERIMENTS XXXIX.-XL. 



Observations with thb 


Thermo- 
pile.* 


Photom- 

ETEH.t 


A, Weight of lamp before the experiment . 


169. 29 i^. 


198.[0]^. 


B. Time of lighting the lamp 


2 A. 44 min. 


10 A. 42 min. 


C. Fixed distance of lamp from instrument 


40. cm. 


86 COT. 


D. Weight of candle before experiment . 


88.3 5^. 


26.6^. 


E, Time of lighting candle 


2 A. 44 mn. 


10 A. 42 min. 


F. Meandistanceof candle from instrument 


80.7 COT. 1 


72 cm. § 


G. Time of extinguishing lamp .... 


3 A. 16 min. 


10 A. 68 mm. 


H, Time of extinguishing candle . . . 


8 A. 15 min. 


10 A. 58 mm. 


/. Weight of lamp in middle of experiment 


166.3 g. 


195.7.^. 


J. Time of relighting lamp 


3 A. 20 min. 


11 A. 6 min. 


K. Fixed distance of lamp from instrument 


40 COT. 


64.6 COT. 


L, Weight of candle in middle of experi- 






ment 


84.7^. 
3 A. 20 min. 


24.1 ^r. 
11 A. 6 min. 


M. Time of relighting candle .... 


N, Mean distance of candle from instrument 


29.8 COT.I 


60.6 COT. § 



* F. W. A.. March, 1888. 
X Mean of 3 observations. 



t W. B. M., March, 1888. 
§ Single observation. 
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Obsbbyationb with the 


Thermo- 
pile* 


Photom- 

ETER.t 


0. Time of fined extinction of lamp . . 


3 A. 60 min. 


11 A. 89 min. 


P. Time of final extinction of candle . . 


3 A. 60 min. 


11 A. 39 min. 


Q. Weight of lamp after the experiment . 


161.6^. 


191.8(7. 


R, Weight of candle after the experiment . 


Bl.2g. 


20.4 i^. 


Calculations — First part op 






Experiment. 






a. Bate of consumption of lamp in grams 






per hour \\ (A — I)-^ (G-^B)= . 


7.7 


8.6 


6. Rate of consumption of candle in grams 






per hour II (D — L) ^ (H -- E)=^ . 


7.0 


9.0 


c. Candle power of candle 6-4- 8 = . . 


0.88 


1.13 


d. Candle power of lamp C^-tF^Xc=^ 


1.49 


1.61 


€. The same reduced to 8^. per hour, Sd 






-^ a 8= 


1.66 


1.60 


Calculations — Second part op 




Experiment. 






/ Kate of consumption of lamp in grams 






perhour(/— Q)-f(0 — J) =. . 


7.6 


6.9 


g. Rate of consumption of candle in grams 






per hour (L — R) -f (P—M)=^ , 


7.0 


6.6 


h. Candle-power of candle ^ -f 8 == . . 


0.88 


0.81 


t. Candle-power of lamp ^ -r iV^ x A = 


1.69 


0.92 


j. The same reduced to 8 grams per hour, 






8t-r/= 


1.67 


1.07 


k. Mean relative candle-power of kerosene 






and para£9ne under the conditions of 






the experiment, } (c +J) = . . . 


1.6 + 


1.3 



II The time of these observations is to be expressed in hours and 
decimal fractions of an hour. 

Note. If the lamp and candle are weighed while burning, the 
observations B, E, J, ilf, 0, and P, should read *' time of weighing " 
instead of "time of lighting," "relighting," or ''extinguishing." 
The calculations are identical, except that J and M are substituted 
respectively for observations G and ff, which are omitted. 
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EXPERIMENT XLI. 

A,* Principal focal length of lens hy ordinart 
METHOD (f 116, 1), mean of 4 observa- 
tions 13.[00] cm. 

B.* The same hy method op parallax 

(1116,2) 

C* The same by indirect method (f 116,3) 13.287 cm. 

D.* Thejame by color method (f 116, 4) 

e. Principal focal length, mean of different 

methods 13.14 cm. 

EXPERIMENT XLH. 

A,* Nearest distance of lamp from screen consistent 
with perfect image (If 117, 1), mean of 4: ob- 



servations ...... 

b.* Principal focal length, ^ A = 
O.* Instance from lamp to lens 
2>.* Distance from lens to screen 
E.* Distance from lamp to lens 
F.* Distance from lens to screen 

g. Mean of smaller distances 



Conjugate 

focal 

lengths 

(1 117, 2). 



51.68 cm. 
12.92 cm. 
f 49.5 cm. 

17.8 cm. 

17.5 cm. 

49.8 cm. 
17.65 cm. 



J.* Distance from, lamp to lens 
K.* Distance from lens to screen 
Z.* Distance from lamp to lens 
M.* Distance from lens to screen 



h. Mean of greater distances 49.65 cm. 

i. Principal focal length g X h -i- {g + h) ^=l 13.02 cm. 

Conjugate r 57.8 cm, 

focal 17.0 cm. 

lengths ^ 16.3 cm. 

(f 117,3). U8.5cm. 

n. M^n of smaller distances 16.65 cm. 

o. Mean of greater distances 58.15 cm. 

p. Principal focal length n X <>-7- (w + o) = 12.94 cm. 
q. Principal focal length, mean of three methods of 

conjugate foci, J (ft -|-t-|-p)= • • • 12.96 cm. 

* C. A. B., March, 1886. 
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EXPERIMENT XLIH. 
First Pabt. 

A. Distance of farther focus from converging lens 

(mean of 10 obs.) 90.0 cw. 

B. Distance of nearer focus from converging lens 

(mean of 10 obs.) . 30.0 cm. 

c. Principal focal length (A X B) -i-(A — B) . 45.0 cm. 

SECOito Part. 

D. Distance of farther focus from diverging lens 

(mean of 10 obs.) 90.0 cm. 

E. Distance of nearer focus from diverging lens 

(mean of 10 obs.) 30.0 cm. 

f. Virtual principal focal length, 

(DxE)^(D'^E)= —45.0 cm. 

EXPERIMENT XLIV. 

A.* Zero reading of sextant 0° 4M0" 

Readings of sextant when set on sun: — 
B.* Positive reading (mean of 5 obs.) . 0® 35' 28" 



C* Negative reading (mean ofb obs,) 
d.* Apparent angular diameter of the sun, 

i (5— (7) = i(64U8") = . . 

e. Apparent " semidiameter '* ( d)= . 

f. The same reduced to decimal fraction 

gree (Table 44 ^) 

The same for March (Table 44, E) 



10^30' 40'' 



32' 24" 

16' 12" 

of a de- 

0°.270 
0°.269 
^L.L.H., March 5th, 1886. 



I 
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G* Zero reading of sextant 0° 4' 10" 

Readings of sextant set on object : — 

H* Positive reading {mean of 5 obs.) . . 8° 22' 34" 

/.* Negative reading (mean of 5 obs,) . . 1° -j- 18' 24" 

j.* Apparent angular diameter of the object, 

i {H-^ i) = i (7^ 4! 10") = . . 3° 32' 5" 

h The same reduced to decimal fraction of a de- 
gree (Table 44 J) 3°.535 

/. Tangent of the angle k, (Table 5) . . 0.0618' 

MJ* Length of the object in question .... 100 cm. 

n. Distance of the object, calculated f {M-i- 1)=. f 1618 cm. 

O*. The same by measurement (from the axis of 
the revolving mirror to the foot of the ob- 
ject) [1623 cm. 

*C. A. E., March, 1886. 



EXPERIMENT XLV. 

A.* Zero reading of sextant X 2** 48'. 5 

J5.* Reading corresponding to Ist angle of prism 123° 26'. 5 
0* Reading corresponding to 2d angle of prism 121° 30'. 
Z>.* Reading corresponding to Mangle of prism 123° 34'. [0] 
e. First angle, i{B — A)=^ (120° 18'. 0) = 60° 19'. 
/. Second angle, i ( G— A)=z^(l 18° 41'. 5) = 59° 20'. 8 
g. Third angle, ^ (Z> — ^) = ^ (120° 45'. 5) = 60° 22'. 8 
h. Sum of the three angles (e -\-f+g) = 180° 2'. 6 

* A. E. T., March, 1888. 

t A more accurate calculation may be made by the use of loga- 
rithmic taugeuts (Table 6, A). We have log n = log M — log tan k, 
= 2.0000—2.7908 = 3.2902 ; hence n = 1619 cm. 

X The zero-reading of the instrument here employed was made 
purposely large so as to extend the limit of its negative readings 
(see Exp. 44). For second method, see next example. 
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EXPERIMENT XL VI. 

A, Beading of telescope of spectrometer set on direct 

image of slit in collimator 180° 0'. 

Readings of telescope set on image reflected : — 

B. by 1st face of prism 120** 0'. 

(7. bg 2d face of prism 240'' 0'. 

d. Angle between Ist and 2d faces (IT 126), 

i(0—B)= 60<'0'. 



B. Beading of telescope set on image of slit in colli- 
mator illuminated by sodium flame and re- 
fracted by the prism angle (d) placed so as to 
produce a minimum deviation .... 140° 1'. 
F. The same with piism rotated 180° .... 220° 1'. 
g, ( Angle of minimum deviation {A — E) =z 40° 1'. 
h. \ The same {F—A)= 39° 59'. 
*. The same (mean of g and A) 40° 0'. 

Note. The reading of a sextant in this determination, 
see f 127, II., would also be 40° (not 80°). Given a prism 
angle 60°, and an angle of minimum deviation 40°, the index 
of refraction is (see f 244, and Table 4). 

^ = sin i (60° + 40°) -5- sin ^ (60o) = 

sin 50° -5- sin 30° = 0.7660 -r- 0.5000 = . 1.5320 
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EXPERIMENT XLVU. 
First Part. 

A,* Zero reading of sextant 2® 25' 

Readings of sextant set upon first set of diffracted 
images of a thin white flame prodtxed hy a piece 
of linen cloth : — 

B.* Positive reading . * 2° 48' 

C* Negative reading 2° 4' 

rf. Angular separation of images \ {B — C7)= 0° ll'.O 
e. The same in decimal fraction of a degree 

(Table 44 A),{d^^Q)= 0°. 183 

/. Distance between the threads (1 130, for- 
mula L), 0.00006 -f- sin 0M83 = 

0.00006-^-0.0032 = 0.019 cm. 

g. No. of threads per cm. (1 -f-/) = . . . 53 

♦A. E. T., March, 1888. 



Second Part. 

H,* Zero reading of spectrometer (mean of 3 ohs.) 

29° 24' 50" 
Headings on diffracted image of slit illuminated by 
sodium flame : — 
/.* Positive angle {mean of ^ ohs.) . . . . 12® 4' 15" 
J.* Negative angle (mean of 4 obs.) . . . 46° 43' 30" 
k* Angle of minimum deviation produced by diffrac- 
tion grating, ^ (/—/) = . . . .17° 19' 37". 5 
/. The same reduced to decimal fraction of a degree 

(Table 44 u4) 17^327 
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m. Distance between lines of grating as stated by 

manufacturer (1 -f- 12960) = . 0.000077160 inches, 
n. The same reduced to cm. (2.5400 m) = 0.00019599 cm. 
0. Length of sodium light- waves in air (1 130, foot- 
note), 2 X («) X sin i (I) = 

2 X 0.00019599 X 0.1506= . j^ 0.0000590 +cw. 
p. Mean of wave-lengths, D^&D^ < 

(Table 41) I 0.0000589 -f cm. 

* M. B., March, 1886. 

Note. Angles less than 25° are generally reduced with 
greater accuracy by a table of logarithmic sines than by a 
table of natural sines having the same number of places. We 
have by Table 4 a and Table 6, log 2 -j- log n + log sin ^ / 
= 0.30103 -f i.29224 + 1.1779 = 5.77117; hence o = 
0.00005904 cm. (nearly). The error in this determination 
(0.0000001 cm.) corresponds to an error of about 1' in the 
observed angle of diffraction. 



EXPERIMENTS XLVIIL, XLIX., AND L. 

Observations. 

A. Distance between two adjacent points of minimum 

sound in If 131, I., with a smaU violin A-fork 
(mean of 10 obs.) 38.0 cm. 

B. The same with a small Q-fork 32.0 cm. 

C* Temperature of the air within resonance tube 22®. 75 C. 
2).* Relative humidity of the air of the room . . 25 5^ 

£J.* Distance between nodal points in resonance 

tube (IT 132) due to a large A Q)-fork . 74.9 cm. 
* J. E. W., December, 1885. 
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F. The same due to a middle C-forh • . . • 68,0 cm, 

G, Length of monochord responding to large A- 

/or^ (1133, III.) 80.0 cm. 

H, Length of monochord responding to middle C- 

fork. 72.0 cm. 

Calculations. 

t. Wave-length of sound due to small violin A- 

fork (2 A)=z 76.0 cm. 

j. The same due to small C-fork (2 -6) = . . 64.0 cm. 
k. Velocity of sound corresponding to atmospheric 

conditions in Cand L> (see Table 15) 34.608ci?i. per sec. 
I. Wave-length due to large A-fork (2 ^ = 149.8 cm. 
m. Number of vibrations of large A-fork 

/ per second (^ -^ /)= C 230.9 

(The same according to instrument maker. I 228.5 
n. Wave-length of middle C-fork {2 F)=i . 136.0 cm. 
o. Number of vibrations of middle C-fork 

r per second (^ -5- w) = { 254.5 

( The same according to instrument maker ( 256.0 

p. Musical interval between the small A- and 

C-forks {A-^B)= r 1.2 (nearly). 

q. Theoretical interval (6:5)=. . . (1.20 
r. Musical interval between the large 



s. 
t. 



f A-fork and (7-fork {E -^ F) = . . . 

The same {G-^ H)z=i 

The same according to instrument makers, 
256-5-228.5= 



r 1.10 
1.11 

1.12 
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EXPERIMENT LI. 

VELoaTY OP Sound — Echo Method. 

A,* Distance between two parallel walls (1 137, II.) 

80.0 metres, 
B.* Beading of metronome adjiLsted to keep time with 

echoes (mean of 5 observations) .... 129 

C* Number of beats in 100 seconds corresponding to 

this reading 215 

B.* Temperature of outside air 6** C. 

B.* Belative humidity 30 % 

f Distance traversed by sound (2 -4) = . . 160 metres, 
g. Time occupied (100 ~ (7)= . . . . . 0.465 sec. 
h. Velocity of sound {f-^g)=.. . . . 344 \ 
%, Velocity tabulated for conditions D and >• ^^ ^^ 

B (Table 15) 336 ) ^ 

* J. E. W., December, 1885. 

Pendulum Method. 

J,* Time of pendulum {on north wall of Lawrence 

Hall) about 1.00 sec. 

K,* Distance of signalling observer from pendulum^ 

about 10 metres, 

L,* Distance of observer with telescope {Jarvis Field) 

350 ± 20 metres. 

m.* Velocity of sound 

(L — K)-^ J= . . . . 340 ± 20 m. per sec. 

* Approximate results, recalled from memory from experiments 
made by students in 1881-1882, before the building of the Jefferson 
Physical Laboratory. 
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EXPERIMENT lAL. 

A. Number of waves traced hy tuning-fork between 

alternate marks made hy pendulum {mean of 10 
observations) 28.27 

B. Number of complete oscillations of the pendulum 

timed 100 

C. Time occupied (mean of 10 observations) . . 50.0 sec, 

d. Rate of pendulum (complete oscillations per sec- 

ond) ^~ C= 2.00 

e. Rate of tuning-fork (complete oscillations per sec- 

ond) -4 X ^= 56.5 + 



EXPERIMENT LUI. 



Note. The tuning-forks Nos. 1 and 17 are supposed to 
have been adjusted to an exact octave (by filiflg or loading 
one of them) before the following observations were taken. 



A. Ko. of 


B. No.qf 


C. Time of 


d. No. of 


e Totals 


/ Pitch of 
Ut fork 


Ut fork. 


2d fork. 


100 heats. 


beats per sec. 




ie + e„). 


1 


2 


2b sec. 


40 


0.0 


65.6 


2 


3 


20 


5.0 


4.0 


69.6 


3 


4 


22.2 


4.6 


9.0 


74.6 


4 


5 


30 


3.3 


13.5 


79.1 


5 


6 


27 


3.7 


16.8 


82.4 


6 


7 


20.8 


4.8 


20.5 


86.1 


7 


8 


26.3 


3.8 


26.3 


90.9 


8 


9 


23.8 


4.2 


29.1 


94.7 


9 


10 


25 


4.0 


33.3 


98.9 


10 


11 


29.5 


3.4 


37.3 


102.9 


11 


12 


23.2 


4.3 


40.7 


106.3 


12 


13 


20 


50 


46.0 


110.6 


13 


14 


22.3 


4.5 


60.0 


116.6 


14 


15 


27.2 


3.7 


64.6 


120.1 


15 


16 


28 


3.6 


68.2 


123.8 


16 


17 


26.5 


3.8 


61.8 


127.4 


17 


1 


No heats. 


No heats. 


66.6 


131.2 
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EXPERIMENT LIV. 

A.* Time occupied by Ltssajous* curves in passing 

through 40 complete cycles {mean of 10 obs.) 18.5 sec, 

B,* Which fork must be loaded to make the figures 

permanent f The higher. 

(7.* Number of lobes visible in the symmetrical figures 

(=w, formulae, If 142) 4 

d. Sign of the correction for cycles (compare B with 

1142) + 

e. Number of cycles per second (40 h- -4) = c, for- 

mulae, 1 142 2.16 

/. Pitch of the lower fork (Exp. 52) = j9 in for- 
mulae, IT 142 56.5 + 

^.* Pitch of the higher fork (7 X / [^ « = 

4x56.5 + 2.16= 228.2 -f 

* M. B., December, 1885. 



EXPERIMENT LV. 

Number of revolutions made by a toothed wheel in 
100 seconds when adjusted so as to show station- 
ary waves upon a tuning-fork (mean of 10 obs.) 473 

Number of teeth 12 

f Pitch of the tuning-fork ^J^j^ A X B . . f 57.0 
I The same by graphical method (Exp. 52) . C 56.5 -\- 
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EXPERIMENT LVL 

A, Distance between marks made hy bullet. . • 19.2 cm. 

B. Time occupied by 250 complete osciUations of the 

pendulum 200 see. 

e. Time occupied by pendalum after its release in 
reaching the middle-point of its swing, 
iXiiixFX^= 0.200 wc. 

d. Square of time oocapied (c^ =: 0.0400 

e. Ratio of distance through which bullet falls to 

square of time occupied (-4 ~ c?) = . . . . 480 
/. Acceleration of gravity (2 6)= 960 

[Results with other pendulums reduced in the same way 
and tabulated as in ^ 148] 



EXPERIMENT LVH. 



A. Distance from lower edge of bracket to top of 

bullet 

B. The same to bottom of bullet .... 
c. Length of pendulum \ {A-{-E)-=, . 

D. Time occupied ^100 single vibrations 

e. Time of pendulum i) -«- 100 = . . . 

f. Square of time of pendulum (e^) = . 

g. Ratio of length of pendulum to square of time 

(^-/)= 



7.8 cm. 

9.8 cm. 

8.8 cm. 

80.0 see. 

0.800 sec. 

0.090 



97.8 



[Results with other pendulums reduced in the same way 
and tabulated as in IT 149.] 
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EXPERIMENT LVHI. 

A. Diameter of rods (ah and h% Figs. 153 and 

154) ....,....'... 1.00 cm. 

B, Distance between rods adjusted to .... 100.00 cm. 
(7. Mean interval between coincidences with seconds 

clock (reduced as in T 152) 125 see. 

d. Length of pendulum (A-\- B):= . . . 101.00 cm. 

e. Time of pendulum (C-j- (C— 1)) = . . 1.00807 sec. 
/. Acceleration of gravity corresponding to d and e 

(see Table, f 153) 980.9 



EXPERIMENT LIX. 

Preliminary Observations. 

A. Length of spring without load,, about .... 50 cm. 

B. Length of spring with bullet^ about . . . . 100 cm. 

C. Length of spring with 30 grams .... 99 -{- cm, 

D. Length of spring with 31 grams .... 100 -\- cm. 

E. Length of spring with 30.6 grams, about . 100 cm. 
f Weight of bullet, about 30.Q grams. 



Observed Times op 1000 Consecutive Oscillations. 

G. —With the bullet 800 sec. 

H. — With 30.6 grams 801 wc. 

I ^ With 30.5 grams 798 wc. 

j. Mass of the bullet, 

30.5 4- 0.1 X ( G^ — -0 -^ (^— /) = 30.57 grams. 
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EXPERIMENT LX. 



A. Readings qftht 


b. TMtBwatM 


e. Mean Ve- 


d. IMffer- 


e. AoMler- 


interviila qf 2 see. 


in28eo. 


locity (6-^2). 


enca in 2sm. 


atloii(d-r-2). 


1. 652 mm. 










2. 686 


+ 38 


+ 16.6 


8.0 


4.0 


3. 600 


+ 16 


+ 7.6 


10.0 


6.0 


4. 696 


— 6 


— 2.6 


7.6 


8.8 


6. 676 


— 20 


— 10.0 


10.0 


6.0 


6. 636 


— 40 


— 20.0 







F. Mass of the ring 500 grams. 

G, (hUside diameter of ring 20.5 cm. 

H, Radial thickness of ring 0.5 cm. 

f. Outside radius of ring, \ G 10.25 cm. 

y. Mean radius (t — \H)= 10.00 cm 

h Mean deflection of outside of ring in em. 

(average of -4 -5- 10) = 57.4 cm. 

L Mean angle of deflection in degrees, 

k-^iX 360^ -5- ff = 57.4 ^ 10.25 X 57^ 3 = 321° 
m. Acceleration of outer surface reduced to cm. 

(average of c -5- 10) = 0.445 cm. per sec. per. sec. 
n. Mean acceleration of whole mass of ring 

{mXj-^i)= • . . 0.44 " 

0. Force exerted by wire on ring (FXn)= 220 dgnes. 
p. Couple exerted by wire on ring (0 X j) = 

2200 dyne-cm. 
q. Couple exerted per degree of twist 

^■^^= (nearly) 7 I ''^T" 

^ •'^ i per degree. 

Note. The marker is here supposed to be set opposite 

the zero of the scale carried by the ring when the ring is at 

rest. The length, diameter, and material of the wire should 

be noted. 
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EXPERIMENT LXI. 

Preliminary Observations. 

(See Tables, pages 339 and 340, left-hand half.) 

First Method. 

Readings of spring balances in kilograms corrected by 
first table (l)ypage 339. 

A. — First balance with one end of lever , . . 0.46 kilos, 

B. — Second balance with other end of lever, . 0.44 " 
(7. — First balance with had on lever .... 6.85 " 
D, — Second balance with load on lever . . . 6.75 " 

e. Weight of lever (^ + J?) = 0.90 " 

/. Weight of lever with load {G+D) z=:i . . 13.60 «• 
g. Weight of load {f— e)= 12.70 « 

Second, Third, and Fourth Methods. 





Second 


Third 


Fourth 




Method. 


Method. 


Method. 


A. ICarrected] reading of spring bcd^ 








ance bearing one end of lever 


+ 0.45 


+ 0.30 


+ 0.60H(w. 


B. The same with load on lever . 


+ 6.80 


-8.20* 


+ 7.80 " 


c. Effect of load on lever (B^A) 


+ 6.36 


— 8.50 


+ 7.20 " 


D. Distance of point where spring 








balance is attached from fixed 








point of suspension .... 


+ 100.0 


+ 75.0 


+ 25.0 cm. 


E, Distance' of point where load is 








attached from fixed point of 








suspension 


+ 25.0 


-250 


+ 100.0 cm. 


/ Weight of load {cX D-^E) = 


26.40 


26.50 


1.80 kilos. 



* r Observed reading 7.78 kilos. ' 

Correction for graduation (First Table) . +0.10 
Correction for inversion (180°, Second Table) + 0.32 
' Corrected reading, numerically equal to . . 8.20 



J 



r 
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Fifth Method — Obsebvations. 

A. Corrected reading of fint spring balance with 

load 10.05 kilos. 

B. The same for second spring balance . ^ 9.95 " 

C. Distance of point (a) from point (c) {Fig. 166) 100.1 cm. 

D. Distance of poirU (b) from point (c) {Fig. 166) 99.9 cm. 

E. Vertical deflection {cdy Fig. 166) with load 10.00 cm. 

F. Corrected reading of first spring balance 

without load 9.60 kilos, 

G. The same for second spring balance ... 9.60 " 
H. Distance of point {a) from point (c) {Fig. 167) 100.0 cm. 
I. Distance of point (b) from point {c) {Fig. 167) 99.8 cm. 
J. Vertical deflection without load {cd, Fia. 167) 1.04 cm. 

Calculations. 

k. Mean reading of spring balances with load 

i{A + B)= 10.00 kilos. 

h Mean length of hypothenuse with load, 

^{C+D)= 100.0 cm. 

m. Weight of ring with load, 2 ^ X ^ -^ ^= 2.00 kihs. 
n. Mean reading of spring balances without load, 

I {F-\- G)= 9.60 « 

0. Mean length of hypothenuse without load, 

i{H+I)= 99.9 cm. 

p. Weight of ring without load {2JXn-^o)= 0.20 kilos. 
q. Weight of load {m — ;?) = 1.80 " 



27 



1002 APPENDIX V. [Exp. 62. 

Sixth Method, f 159 (6). 

A. Corrected reading of spring balance pvUing a point 

{h) in a cord (aby Fig. 169) to a distance {be) 
from the vertical line (ac) nearly equal to 75 cm. 

9.65 kilos, 

B. The same in the opposite direction (cb, Fig. 169) 

9.55 '* 

C. Length of cord {ab, Fig. 169) . . . . . 125.0 cm. 

D. Horizontal distance {bV, Fig. 169) . . . . 150.0 cm. 

e. Mean deflection {^ D) z=z 75.0 cm. 

f. Vertical distance {ac. Fig. 169), 

^/~G'' — e^ = V15625 — 5625 = Vl 0,000 = 100.0 cm. 

g. Mean force felt by balance, ^ {A-^-B) . . 9.60 kilos, 
h. Weight of load, 

^ X/-f- c = 9.20 X 100.0^75.0= 12.80 " 



EXPERIMENT LXII. 

A. Weight suspended from edge of board . . . 10.0 kilos. 

B. Distance of point of suspension from triangular 

support (ab, Figs. 171 and 172) . . . 100.0 cm. 

C. Distance of centre of gravity from triangular sup- 

port {cb/ Fig. 172) 40.0 cm. 

d. Weight of the plank AxB-^ G . . . . 25.0 kilos. 

Note. The position of the centre of gravity is best lo- 
cated in such a heavy plank by balancing the plank upon 
the triangular knife-edge without the weight. See however 
f 160. 
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EXPERIMENT LXIII. 



1. 

2. 
8. 
4. 
6. 



1^ 



100.0 
100.0 
500 
100.0 
100.0 






1.000 
1.000 
1000 
2.000 
1.000 






1.000 
1.000 
1000 
1.000 
2.000 



0.490 
244 
0.246 
0.240 



4,000 
2,000 

16,000 
4,000 

16,000 



h 

r 



8.92 X 10« 

196 
16.68 

8.92 
16.68 



^1 



8.00 X 10 
8.08 " 

63.7 " 

16.8 " 
65.9 



X^ 

sx 
l«5 



8.00 X 10i» 
8.03 

7.96 " 
815 " 
8.24 '* 



^ 

^ 



^ 



I Steel 
I No. 1. 



, Steel 
' No. 2. 



EXPERIMENT LXIV. 
Pbeliminary Experiments (% 164). 






I 
I? 



si 



Ik 



*-8 



ill 









80 
80 
80 
80 
80 
80 
80 
40 
40 
80 
80 



2 
8 
2 
4 
6 
10 



d&e 
a &b 
c&d 
a&d 
a & c 
d&e 
d&e 
d&e 
d&e 
a&g 
a&g 



6 

6 

6 

8 

10 

6 

6 

6 

6 

16 

16 



6 

6 

6 

8 

10 

12 

18 

12 

24 

06 

160 



is^'H- 

16° 
15° — 
20° 
25° + 
30° 
45° — 
16° 
80° 
16° 
25° + 



0.40 — 

0.40 

0.40 + 

0.40 

0.40— 

0.40 

0.40 + 

0.80 

0.80 

6.4 

6.4 — 



A. Reading of needle when empty torsion balance is 

made horizontal + 1<^® 

B. The same with 1 decigram in the left hand pan -\'B17^ 
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G. The same with 1 decigram in right hand pan^ 

77°, i.e — 283° 

D, Length of balance beam 20.4 cm. 

E, Length of wire subject to torsion 100.0 cw». 

F, Diameter of the wire 0.0300 cm. 

g. Value of 1 gram in dynes 980 dynes. 

h. Weight of 1 decigram in dynes (g -f 10) = 98.0 « 

i. Length of balance arm (^ D)z= 10.2 cm. 

j. Couple exerted by decigram weight (A X = 

1000 dyne-cm. 
k. Deflection produced by this couple, J {^B — 0) = 300° 

/. Coefl&cient of torsion of the wire (y-i-^)=3.33 ( dyne-cm. 

{per degree. 

EXPERIMENT LXV. 

A.* Length of iron wire subject to stretching . . 6505 cm. 
B.* Diameter of the wire (mean of 20 obs.) 

.0664 ± .0001 cm. 
C* Beading of micrometer without weight [mean of 

10 obs.) 0.7446 ± .0001 cm. 

D.* The same with weight (mean of 10 obs.) 

1.2324 ± .0004 cm. 

JE.* Weight added. 5,000 ^ram^. 

/. Deflection (2) — 0) = 0.4878 cm. 

g. Value of 1 gram in dynes ...... 980.4 dynes. 

h. Weight reduced to dynes 

{EXg)= 4.902 X 10* tfywc». 

i. Cross-section of the wire corresponding to dia- 
meter B, see Table 3 G . . . . 0.003463 sq. cm. 
j. Stress upon the wire 

(A -f- = . . . . 1.416 X 10* dynes per sq. cm. 
k. Strain of the wire (/-s- A) = 000750 
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I* Young's modulus of elasticity {J -5- k)= 1.89 X 10^^ 

*G., January, 1885. 

Note. From the weight (27.00 grams) of 10 metres of 
the wire, and from the density of wrought iron (7.8, Table 9) 
the mean cross-section would be 

27.00-5-7.8-^1000= OMBiesq.cm. 

EXPERIMENT LXVI. 

AJ* Diameter of steel wire 0.02327 cm. 

B.* Place of breaking* C* Maximum reading aj spring balance. 

1. Near balance 8.45 kilos. 

2. 2 inches from balance . . . . 9.61 

3. 1 inch from balance .... 9.30 

4. Close to balance 9.20 

5. CJlose to balance 8.50 

6. Middle 9.68 

7. 1 inch from balance . . . . 9.66 

8. 2 inches from balance ... 8.95 

9. Close to balance 8.85 

10. Middle 8.95 

d.* Average 9.115 kilos. 

Note by Student. Several bad results thrown out. 

e.* Correction of the spring balance (for zero error 

and graduation) for a reading of 9 kilos * — 0.240 kilos. 

/.* Correction for an inclination of 90° . . + 0.120 " 

g. Value of 1 gram in dynes 980.4 dgncs* 

h.* Corrected reading of spring balance 

(d + e+f)=z 8.995 ibVo*. 

i.* The same in dynes (A X ^) = • • • 8.82 X 10' 

y.* Cross section of wire with diameter 

.02327 cm. (see A), 0.000425 sq. cm. 
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k* Breaking stress of the steel 

(f-7-y)= . . . • 20.S X ^^ di/nes per sq, cm. 
* J. E. W., January, 1886. 

Additional Data. 

Z. Length of wire weighed 100.0 cm. 

M. Weight in grams 0.335 grams. 

n. Weight of 1 cm. (M -i- L) = . . . . 0.00335 « 
0. Length breaking under its own weight 

(1000 h^n)= 2.69 X 10* cm. 



EXPERIMENT LXVH. 
First Method (1 169 I.). 

A. Distance between vertical prongs of fork . . 2.00 cm. 

B. Weight required to counterpoise the fork 

when dipping into a beaker of water . 1.000 gram. 
O. The same with film of water 

{mean of 10 obs,) 1.300 grams. 

D. Temperature of the water 20® C. 

e. Tension of film 2 cm. broad {B— 0) = 0.300 gram. 

f. Tension of single surface 1 cm. broad 

(c -^ 4) =: 0.075 gram. 

g. Value of 1 gram in dynes 980.4 dynes. 

h. Surface tension of the water at 20° 

(see D), ( /X ^)= .... IZ-^- dynes per cm. 

Second Method. — Calibration of Tube. 

/.* Length of mercurial column 30.13 cm. 

J* Weight of mercurial column 7.860 ^amx. 

K. Temperature of the room, about 20® C. 
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/. Apparent specific volume of mercury at 

20° (see K), from Table 23 B= . • . 0.0738 
m. Volume of mercury (Jx^}= . • • • 0.580 cu. cm. 
n. Cross-section of the tube (m -5- /) = . 0.0192 sq. cm. 
0. Diameter corresponding (see Table 3 G) 0.156 + <^'^'- 

Height of Capillary Column. 

P.* Height to which water rises in the tube above its 

level outside of the tube {mean ofb obs.) 1.66 ± .01 cm, 
q. Density of water at 20° (Table 25) . . . . 0.99828 
r. Density of air at 20° (mean), Table 19 . . 0.00120 
s. Weight of 1 cu. cm. of water at 20° in air, 

{q — r)= 0.99708 

t. Weight in air of a column of water 1,66 cm. long, 
0.0192 sq. cm. in cross-section, reduced to 
dynes (P X w X « X ^) = • • • • 31.0 dynes, 
u. Breadth of film sustaining the weight of this col- 
umn = circumference of tube (Table 3, F), 
with diameter 0.156 cm. (see B) . . . 0.490 cm. 
V. Surface tension of the water at 20° (< -^ w) = 

63 -)- df/nes per cm. 
* A. N. S., January, 1887. 

EXPERIMENT LXVIII. 
First Method (f 171,1.). 

A. Force required to draw plank with uniform velocity 

parallel to the fibres of the plank and of a hori- 
zontal board upon which the plank rests flat- 
wise (mean of 10 obs.) 0.2dO kilo. 

B. The same with plank edgewise ..... 0.310 " 

C. The same with plank flatwise but bearing a load 

3.50 kilos. 
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D, Weight of the plank 1.00 fe7o. 

E. Weight of the load 10.00 Jdloi. 

f Coef. of friction (1) in ^ (^ -j- Z)) = . . . 0.29 \ 

« ** (2) « i? (^-^2))= . . . 0.31 [. 

(3) " (7((7-^(2) + ^))= . 0.32) 



Second Method {^ 171, II.), 

G. Distance {AB, Fig. 184) measured along hori- 
zontal surface of table from the point of contact 
of the under surface of board to foot of vertical 

measuring rod 100.0 cm. 

ff. Height of under surface of board above horizontal 
surface of table at this point sufficient to make 
plank slide down board with uniform velocity 
parallel to the fibres of the plank and of the 
board vnth the plank flatwise (mean of 10 obs.) 

30.0 cm. 

t. Slope of under surface of board = slope of up- 
per surface nearly = coeflficient of friction 
= i^-f- G= 0.30 



EXPERIMENT LXIX. 



A* Circumference of the wheel q 


/ motor 


• 


. 72.8 cm. 




Ut 


2d 


3d 


m trial. 


B.* [Difference between] readings of spring 










balance [s] . • 


1.3 


1.2 


1.1 


1.0 kilos. 


C* No. of revolutions made by the whed 


14 


16 


18 


IS rev. 


D.* Duration of the experiment in seconds 


10 


10 


10 


10 see. 


E.* Weight in grams of the toater used . 


2190 


2360 


2640 


2614 grams. 


F.* Readings of the pressure^auge in 










pounds per square inch • • • . 


20 


16.6 


19.6 


lQ\lbs.per 
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Calculations. 



g. Tangential force of friction reduced 
to megadynes (0.98 fi) = . . . 

h. Velocity of rim of wheel in ctn. per 
eec. (^X C + D)^ .... 

t. Power utilized by motor in megergs 
per sec. {sf X h) = 

j. Pressure of water reduced to mega- 
dynes per 3q, cm, (0.069 X F) ^ 

k. Flow of water in cu. cm, per sec. 

(1.00x^-rZ>) = 

/. Power spent on motor in megergs 
per second (j Xk) = . . . . 

m. EfiQlciency of motor in per cent 
100Xi-r/= 



.Ist 


2d 


3d 


1.27 


1.18 


1.08 


102 


109 


131 


130 


129 


141 


1.88 


L14 


1.35 


219 


236 


264 


302 


269 


366 


43 


48 


40 



4th trial. 



131 



\ cm. 
I sec. 



per 



128 i "^^9^' 
I per sec. 

( megad. 

1.81 < per. sq. 

{cm. 



251 



l; 



per sec, 
( per sec. 



♦ P. AL H., January, 1886. 



EXPERIMENT LXX. 



Observations. 



A. Length of pasteboard tube with corks . . 124.0 cm. 

B, Thickness of corks each 2.0 cm. 

C, Depth of lead shot (by difference) . . . 20.0 cm. 

D. Temperature of the room 20®.0 C. 

B. Temperature of the shot before the experiment 

reduced to* 17°.0 C. 

-F. Temperature of the pasteboard tube before the 

experim^ent raised to* 23° C. 

G. Temperature of the shot and tube after tJie 

experiment 23°.0 C. 

H. Number of reversals necessary to bring about 

this change of temperature in the shot . . 81 
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Calculations. 

i. Rise of temperature of the shot {G — F)= 6*^.0 C. 
J, Distance fallen by the shot in each reversal 

(-4 — 2i?— (7)= 100.0 m. 

k. Total distance fallen by the shot {M Xj) = 8100 cm. 
I, Distance fallen per degree rise of temperature 

{k-T-i)= 1350 cm. 

m. Force acting upon each gram of shot . . 980.4 dynes, 
n. Work necessary to raise 1 gram of shot lo in 

temperature reduced to megergs 

(IXm-r- 1000000) = . . . . 1.324 megergs. 
o. Heat units necessary to raise 1 gram of lead 

1° C. (See Exp. 31, and Table 8) 0.032 units of heat. 
p. Mechanical equivalent of heat * 

(n-r-o)— ^^Xunitofheat. 

* A simple way to cool shot to a given temperature is to mix it with 
colder shot from a refrigerator. The tube may be warmed to a giyen 
temperature by placing shot, in it a little above that temperature. 
Assuming that, as in the example, the operations have been per- 
formed, so that \(F + E)= D, and G ^ F, the effects of cooling 
and thermal capacity will be eliminated (see If 98, 102 and 104), and 
the probable error of the result due to other causes (see f 178) ought 
not to exceed 6 %. 



EXPERIMENTS LXXI.-LXXIV. 



Observations — Magnet numbered 

A. Distance between the poles of the 
magnet in centimetres . . . 

R Weight in grams necessary to coun- 
terpoise each magnet .... 

C The samje when repelled as follows : 
No, 1 by No. 2; No.2by No. 8 ; 
No. Z by No. I 



1. 


2. 


9.6 


100 


240.00 


250.00 


239.36 


249.80 



3. 

10.4 cm. 
260.00 grams. 

259.33 '« 
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OBSEBTATiON8-*ifajfiiet numbered 

D, The same when attracted aa stated 
£. Distance between the magnets from 
centre to centre {in cm.) . . . 

F, Zero-reading of torsion-apparatus 

G. Beading of the same when magnet 

points east and toest . . . 

H. Reading of the same when magnet 

points west and east . . . 

/. Mean distance of centre of magnet 
frvm centre of compass needle, 
measured in east and west posi- 
tions 

J. Readings of compass needle with 
magnet east of needle 

! North pole deflected west- 
wardiN.W.-\ . . 
South pole deflected east- 
ward [S.E.] . . 
I North pole deflected east 
wardlNE,] . . 
South pole deflected west- 
ward [S. FF.J » . 
With magnet west of needle, 

I North pole deflected west- 
ward [N, W.] . . 
South pole deflected east- 
ujard[S.E.] . 
! North pole deflected east- 
ward[NK] . 
South pole deflected west- 
ward [S, W.\ . 

Caloclatioks. 

a. Mean force felt by each magnet, 

J(/)_C) = 

5. Mean force felt by each pole, 

(i«)= 

c. The same in dynes (980.4 X 6) = 

</. The same reduced to a distance 

of 1 cm. giving product of 

strength of poles acting, 

(cXE^)=- 



1. 


2. 


241.26 


251.40 


2.00 


2.00 


oo.o 


00.0 


+ 117^.0 


+ 1200.0 


— 1170.0 


— 1200.0 


8£.0 


35.0 


80.8 


90.8 


80.6 


90.4 


80.5 


90.5 


80.9 


90.7 


80.6 


90.6 


80.4 


90.8 


80.3 


90.2 


80.7 


90.6 


0.960 


1.050 


0.475 
466 


0.525 
515 


1864 


2060 



8. 
261.83 " 

2.00 cm. 
00.0 

+ 1230.0 

— 128O.0 



85.0 cm. 

100.9 
100.7 
100.6 
110.0 

100.8 
100.4 
100.5 
100.7 

1.000 grams. 

0.500 " 
490 dynes, 

1960 dynes. 
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Calculations — Magnet numbered. 

e. Ratio of the strengths of poles in 
question (d^ -r- ^2) J (^1 -5- ^s) J 
(^2 -f- di) = respectively . . 

/. Provisional estimate of strength 
of single poles, ^dx e = . 



g. Coefficient of torsion of wire 
(Exp. 64) in dyne-cm. per degree 

A. Mean angle of torsion observed, 
}(C? — £r) — 900= . . 

t. Couple exerted by or upon mag- 
net in dyne-cm. {gX h) =. 

j. Force of earth's magnetism on 
each pole (i-r--4) = . . 

k. 1st estimate of the horizontal in- 
tensity of earth's magnetism 

0•-^/)= 



/. Distance of nearer pole of mag- 
net from centre of compass 
needle (/—}^)=. . . , 
TO. Distance of further pole (/ + 

i^)= 

n. Field of force due to nearer pole 

(/^P) = 

o. Field of force due to farther pole 

{/^m^)=- 

p. Resultant field of force (n — 0) = 
q. Mean angle of deflection (aver 

Age of J) 

r. Tangent of this angle (Table 5) 
8. 2d estimate of the horizontal in- 
tensity of the earth's magne- 
tism (p -7- r) = 

t The same (Ist estimate — see k) 
u. Geometric mean between the two 
estimates = Horizontal inten- 
sity of earth's magnetism =» 

A/or<=» 

V. " Moment " of magnets (t -f- «) = 
w. Strength of poles (v-^A) =. 



0.951 
42.1 

8.83 

270.0 

90.0 

9.4 

0.223 

30.2 

89.8 

0.0462 

0.0266 
0.0196 

80.6 
0.1512 



0.130 
0.228 



0.170 

529 

55 



0.951 
44.3 

3.38 
30O.0 
100.0 

10.0 

0.226 

30.0 

40.0 

0.0492 

0.0277 
0.0215 

90.5 
0.1678 



0.129 
0.226 



0.171 

585 

58 



1.105 

( units of 
46.5 < magne- 
I tism. 

( dyne- 
3.33]cm.jo«r 
( degree, 

880.O 



110. 



«! 



dyne- 



10.6 dynes. 
0.228 

29.8 cm, 

40.2 cm. 

0.0524 

0.0288 
0.0286 

100.7 
0.1890 



0.125 
0.228 



0.169 

651 

63 
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EXPERIMENT LXXV. 

A.* Number of vibrations made by a small loaded 
magnetic needle in 10 seconds under the in- 
fluence of the earth's magnetism ... 1.5 vibr. 

B,* The same at a distance of 1 cm. from the mid- 
dle point of a long bar magnet . . . S.O vibr. 
The same at a distance of 1 cm, from the axiff 
of the magnet^ and at the following dis- 
tances : — 



From north end — Vibrations. 



c* 


cm. 


17.0 


^.* 


Ocw. 


18.0 


D.* 


10 cm. 


13.0 


/.* 


10 cm. 


14.5 


E* 


20 cm. 


12.5 


J.* 


20 cm. 


11.0 


F.* 


30 cm. 


12.0 


«:.« 


80 COT. 


7.5 


G.* 


40 cm. 


11.0 


L.* 


40 cm. 


6.0 



From south end — Vibrations. 



' See Fig. 205, page 413, representing the sqaares of 
the numbers of vibrations. 



Inferences from this Figure. 



m. Distance of north pole from end of magnet . . 22 cm. 
n. Distance of south pole from end of magnet . . 12 cm, 
o. Distance between the poles 66 cm. 

* C. R. E., April, 1888. 
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EXPERIMENT LXXVI. 

-4.* T%row8 of needle of ballistic galvanometer caused 
by sliding a coil over the magnet through a dis- 
tance of 10 cm., measiLred as follows : — 
From north end of magnet — Throw. From south end of magnet — Throw. 
ij B.* 0—10 cm. 270.8 ^/i Cr\* 0— 10 cm. 37° .3 

^ C* 10— 20 cm. 22M "^l.^.* 10 -20 cm. 2a°.5 

'\'D.* 20 ^'30 cm. I80.O Hi.* 20 — 30 cm. 14o.5 

1^] £,* 30 — 40cm. 140.2 il ^X* 80 — 40cm. 6^.0 

1^ F.* 40 — 50 cm. 80.6 ^iK.* 40 — 50 cm. P.O ^ 

t^A figure representing the chords of the throws (see 
Table 3, column d) was here constructed by the student as 
explained in U 189. 

Inferences from this Figure. 

I, Distance of north pole from end of magnet . . 19 cm, 

m. Distance of south pole from end of magnet . . 14 cm. 

n, J Distance between poles (67 cm, 

o, (The same in Exp. 75 (see o) (66 cm, 

* C. R. E., April, 1888. 

EXPERIMENT LXXVII. 

Throws of the needle of a ballistic galvanometer 
caused by revolving the coil of an eartJir- 
inductor 180^ 

A.* About a horizontal axis, B.* About a vertical axis. 

1. 66^5 

2. 55<^. 
8. 66^ 



1. 


17°5 


2. 


17°. 


8. 


18°. 



c. Mean 66°.5 d. Mean 17°.5 

e. .Chord of c 0.931 (Table 3). /. Chord of rf 0.804 (Table 3). 

g. Tangent of the angle of dip (e -5-/) = . . . . 3.06 
h. Angle of the magnetic dip (Table 3, column 6, 

or Table 5) 71^9 

* C. R. E. April, 1888. 
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EXPERIMENTS LXXVm.-LXXIX. 

A,* Number of turns of wire in coil 10 

B* Outside diameter of ring {mean ofS ohs.) 

37.936 cm. 

C* Depth of groove to outer surface of insulated 

vrire {mean ofS obs.) 0.645 cm. 

J),* /Semi-diameter of wire (mean of 4 observa- 
tions on 10 thicknesses) 0.150 cm. 

jE* Mean radius of coil {i B — O — B) = 18.173 cm. 

f* Constant of coil 
2 TT X ^ -J- ^= 2 X 3.1416 X 10 -i- 18.173 = 3.457 

g. Redaction factor of the galvanometer, assuming 
a mean value 0.170 for the horizontal intensity 
of the earth's magnetism (Example 74 u) ; 
0.170 -f-/= 0.0492 

A. The same for measurements in amperes (10 g) = 0.492 



Simultaneous defections — mean of 3 obs\ in each case. 



I*. Double-ring galvanometer, 

44'='.00 N. E. 430.83 S. W. 

430.97 N. W. 440.33 S. E. 

44°.03 N. W. . 440.47 S. E. 

440.10 N.E. 430.97 S.W. 

K.* Zero reading, 

Qo.O N. E. —0°. 25 S. W. 

m.* Average deflection 44°. 09 
0. Tangent of III (Table 5) 0.9688 



J.* Single-ring galvanometer, 

470.53 E. S. 470.13 W. N. 

470.63 E.S. .470.13 W.N. 

470.50 E. N. 470.93 W. S. 

470.53 E. N. 430.00 W. S. 

L.* 2jero reading. 

00.0 E.S.' ' —00.5 W.N. 
n.* Average deflection 470.54 
p. Tangent of n. (Table 5) 1.0928 



q. Constant of the double-ring galvanometer, 

fXo-^p^ 3.06 + 

r. Reduction factor of the double-ring galvanometer 

for amperes (A X i> -?- 0) = 0.555 

* C. A. E., April, 1888. 
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Note. The same student found in March the value 
0.1714 for the horizontal intensity of the earth's magnetism. 
Substituting this value instead of 0.170, the reduction factors 
in h and r become 0.496 and 0.559 -}-• 

In the abbreviations above, the first letter refers to the 
pointer, the second to its deflection ; thus the letters N. E. 
indicate readings of a pointer attached to the north end of 
a needle when deflected eastward ; while the letters E. N. 
refer to observations of the east end of a (transverse) pomter 
when deflected northward. 



EXPERIMENT LXXX. 

Number of turns of wire in the large coil of 

the dynamometer 100 

27.00 cm 
23.00 cm, 
25.00 cm, 
12.50 cm. 
. 50.27 



B, Outside diameter of the coil . . 

C, Inside diameter of the coil . . . 

d. Mean diameter, ^ (B -{- C) = 

e. Mean radius, ^ c?= 

/. Constant of large coil (2 ir e-^ A) = 



G. Number of turns in smaU square coil 
H, Outside horizontal diameter . . . 
/. Outside vertical diameter .... 
J» Width of 80 tur7is of wire .... 
k. Mean diameter of wire, (J -j- 80) = . 
I, Mean horizontal diameter of coil (ET — k) = 
m. Mean vertical diameter of coil (J — k) = . 
n. Mean area of cross-section Qy^m)-=, 
o. Magnetic area of coil ( (? X w) = • • 
p. Constant of Dynamometer (/ X <>) = 



79.5 
5.09 cm, 
5.03 cm. 
4.80 cm. 
0.06 cm, 
5.03 cm. 
4.97 cm. 
25.00 sq, cm. 

1988 sq. cm. 

. . 99937 



q. The same for amperes, or No. of dyne-centimetres 

due to one ampere, {p -h 100) = . . . . 999 -}- 
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JR. Length of dynamometer wire subject to torsion 

33.3 cm. 

s. Coefficient of torsion of a wire 100 cm, long of 

the same size and material (Exp. 64) in dy72e' 

(mi. per degree 3.33 | ^2/- ^'w- 

^ ^ ( per deg. 

t. Coefficient of torsion of dynamometer wire 

5XlOO-^-i^=. 10.0 " 

u. Beduction factor of the dynamometer for am- 
peres ^/ t-T- q = ^ . . 0.100 

V. Deflection of dynamometer (f 204) . . . 100°.0 
W. Corresponding deflection of galvanometer 63°.4 

X. Current through dynamometer, 

u VT= 0.100 Vioiho = 0.100 x lo.o = 

1.00 amperes. 
y. Tangent of the angle of deflection of the galvan- 
ometer (Table 5). Tan. W. = tan. 63°.4 = 1.997 
z. Reduction factor of the galvanometer 

(a5-5-y)= 0.50n 

The same previously found (Exp. 78, h) . 0.492 1 

Note. The value of the reduction factor (0.501) found in 
this experiment is the same as that which would have been 
found in Exp. 78 if the value 0. 1 74 had been taken for the 
horizontal intensity of the earth's magnetism, instead of the 
value 0.170 found in Exp. 71-74. 



28 



1018 



APPENDIX V: 



[Exp. 81. 



EXPERIMENT LXXXI. 

A. Weight of copper apirai before the experiment 

{mean of 3 double weighings) . . 10.945 grams. 

B. Duration of the eosperiment, 31 m. 30 sec. = 1890 sec. 

C. Defections of the galvanometer at intervals of 1 min. 



1 


50O.7 E. 


S. 610. 


2 


51.2 


61.8 


8 


51.4 


51.8 


4 


51.4 


51.8 


6 


51.4 


51.8 


6 


61.3 


61.8 


7 


51.4 


61.8 


8 


51.4 


61.9 


9 


61.4 


61.9 


10 


61.4 


51.9 


11 


61.3 


51.8 


12 


51.4 


51.9 


13 


61.4 


61.9 


14 


51.3 


61.8 


16 


51.4 


61.9 


Mean 51.32 


51.81 



16 


61O.0 E, 


N. 610.6 


17 


51.3 


51.7 


18 


51.3 


61.7 


19 


61.4 


51,7 


20 


61.3 


51.7 


21 


61.2 


51.6 


22 


61.2 


51.0 


23 


51.2 


61.6 


24 


51.2 


51.7 


25 


61.2 


61.6 


26 


51.3 


51.6 


27 


61.3 


61.7 


28 


51.2 


61.6 


29 


51.3 


51.6 


80 


51.3 


51.7 


eon 


61.26 


61.64 



^• 



D. Weight of copper spiral after the eoeperiment 
(m£an of 3 double weighings) . . 11.348 
e. Amount of copper deposited (D — A) 0.403 " 

/. Amount of copper deposited in 1 second 

(e-f.i?)= 0.0002132 « 

g. Amount of (cupric) copper deposited in 1 second 

by 1 absolute unit of current (Table 8) 0.00328 " 

h. Amount deposited by 1 ampere ( -j^ ^) = 0.000328 * *' 
i. Mean current in amperes (f-r- h) = . 0.650 amperes, 
j. Mean deflection, average of Oi to C^o = 51°.50 -f" 

^. Tangent of this angle (Table 5) 1.257 + 

/. Reduction factor of galvanometer (* -f- ^) = 0.517 \ 
The same by dynamometer (Exp. 80, z) 0.501 > 

The same by magnetic measurements (Exp. 78, h) 0.492 / 
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EXPERIMENT LXXXII. 
HQT" See Fig. 237. 
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EXPERIMENTS LXXXIII.-LXXXIV. 



A. Readings 

qf Ammeter in 

ampirea. 


£.* Readings 

qflst 
galvanometer. 


a* Readings 

qf2d 
galvanometer. 


d.* True 
current ia 
amperes. 


e. Correction 

of ammeter 

id -A). 


+ 0.10 
+ 4.20 
+ 7.90 


o°.o 

62°.0 
73°.3 


o°.o 

66^.0 
76°.e 


0.00 
4.27 
8.06 


— 0.10 
+ 0.07 
+ 0.16 



* NoTB. The reduction factor of the Ist galyanometer with 10 
turns of wire is about 0.60 (see Exp. 81) ; that of the second is 0.66 
(Exp. 79) ; hence with only five turns of wire the reduction factors 
are 1.00 and 1.12 respectively. The current Indis accordingly 1.00 
tanB + 1.12 tan C. 

Iteadinga of ammeter connected with different cells 
for different lengths of time : — 



F. Tna. 


O. Bunsencell. 


H. DanUllcell. 


J. LeclancMcell. 


minutes. 


4.66 amperes* 


2.00 amperes. 


3.00 amperes. 


5 « 


4.60 " 


2.10 


2.80 " 


10 " 


4.46 


2.18 " 


1.00 " 


16 " 


4.20 " 


2.20 " 




20 " 


4.00 " 


2.17 




25 " 


3.80 " 


2 05 




30 " 


3.60 " 


1.90 " 





See Fig. 237, page 470. 



[NoTB. The results given above and in the figure were not 
founded upon actual observations, and are intended only to show how 
such observations should be made and represented.] 
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EXPERIMENT LXXXV. 
Observations. 

A,* Weight of empty brass calorimeter . 47.20 grams. 
JB* Weight of calorimeter with water . 126.00 " 

^Headings of galvanometer and thermometer at differ- 
ent times : — 

C* Timt, /).* Galvanometer, E.* Thermometer. 

1. 3h. 14m. Osec. 23°.7 

2. " 15 " Qo.O E.S 

8. " 16 " 230.8 

4. *' 17 " — o°.i yv.N, 

6. " 18 « 23°.8 

6. 3 h. 19 m. sec. Circuit made 

7. " " 30 *' bV'.lE.N, 

8. " 20 " 240.0 

9. •* " 80 " 48°.7 " 

10. " 21 " 24°. 2. 

11. *' " 30 " 48^.0 " 

12. " 22 20 " 24° 6 

13. " •* 80 " 47°6 " 

14. *• 23 " 24° 8 

15. " " 30 " 470.0 "...... 

16. « 24 " 26°.0 

17. " " 30 " 46°.8 W.S, 

18. •• 25 " 25°.3 

19. " " 30 " 460.6 " 

20.. " 26 " 25°6 

21. " " 80 " 46°. 8 " 

22. " 27 *' 25°.7 

28. •* " 80 " 46°.2 " 

24. « 28 " 25°.9 

25. " " 80 " 46°. " 

26. 3h. 29 m. sec. Current reversed .... 26o.O 

27. *• *' 80 " 46° 3 E.S, 

28. " 30 " 260.2 

29. " " 30 " 460.2 " 

30. " 81 " 260.6 

81. " " 80 •* 46°.l " 

32. " 82 " 26°.7 
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C* Time, D.* Galvanometer. E*, Thermometer, 

38. 3h. 32m. 80 sec. 46°. E, S 

84. " 33 " 26^.9 

85. " " 30 " 46°. •* 

36. " 84 " 27°. 

87. " *' 30 « 46^.2 W,N, 

38. " 35 " 27°2 

39. ** " 30 " 45°.8 " 

40. "36 " 270.4 

41. " " 30 " 45°.6 *• 

42. ** 37 " 27°.6 

43. " " 80 " 46°.5 " 

44. " 38 " 270.8 

45. ** '* 30 " 450.0 "...,... 

46. 3h. 39 m. Osec. Current cut off 28o.O 

47. " 40 " 28O.0 

48. " 41 " 270.9 

49. " 42 " • • •. 270.9 

50. " 48 *' . » ." 270.9 

*J.E.W., April, 1886. 

Calculations. 

/. Weight of water in calorimeter (^— ^) = 78.80 g. 
g. Thermal capacity of calorimeter (If 90, 2; U 91, 

III.), 0.094 X A + 0.2 + 0.4= .... 5.0 « 
h. Total thermal capacity (/+ ^) = . . . .83.8 '' 
i. Rise of temperature observed {^^ — ^5) = ^^'^ C. 
j. Units of heat developed (^ X *) = • • • • 352. 

k. Length of time, C^^ — 0^ = 20 min, sec, = 1200 sec, 
I, Units of heat per second (j -i-k)= . . . 0.293 
m. Equivalent in watts (§ 15), 4.17 X ^ = • 1.22 watts. 

n. Mean angle of deflection in D 46^.64 

o. Tangent of this angle (Table 5) 1.059 

p. Reduction factor of the galvanometer with 5 turns 

of wire (see note, Example 84) .... 1.00 

q. Current in amperes indicated (o X />) = • . • 1.059 
r. Square of this current (Table 3, (7), q^ = , . 1.122 
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8. Resistance of the conductor in ohms = power in 
watts necessary to maintain a current of one 
ampere (see § 136) 
= (m-^r) = 1.22 -f- 1.122 = . . . 1.09 ohms. 

Note. In the calculation above, only the first and last 
observations of temperature during the action of the current 
were utilized. The others would have given a somewhat 
larger result. The student's calculation gave 1.06 ohmssiA 
the resistance of the coil by the method of heating. The 
same student found the resistance of the same coil by com- 
parison with B. A. units (May, 1886), to be 1.00 ohms (see 
note, Example 87). The probable error in determinations 
conducted as in the example is about 10 %. 

EXPERIMENT LXXXVI. 

First Method. 

A. Deflection of a galvanometer with Bunsen cell 

a7id unTcnown resistance included m the 
circuit 21**. 6 

B. The same with 7 ohms in place of unknown 

resistance 20°.0 

C The same with 6 ohms in place of unknown 

resistance 22°.0 

d. Value of the unknown resistance by interpolation, 

^J[-{C — A)-^{C^B)=, . . . ^,2 ohms. 

Second Method. 

E, Deflection of differential galvanometer with 

unknown resistance in one circuit and 6 ohms 

in the other — 6®. 

F, The same with 7 ohms in place of 6 ohms + 24°.0 
g. Value of the unknown resistance by interpolation, 

6 -j- [_ 6.0] -f- [— 6.0 — 24.0] = . . 6.2 ohms. 
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EXPERIMENT LXXXVII. 

A, Value of known resistance (said to be equal to 
1.0132 £, A, units) in legal ohms {Table 50), 
1.0132 X 0.9889 = 1.0021 ohms. 

-ff.* Distances of contact from, end of bridge-wire 
' nearer th^ unknown resistance measured: — 

(1) from cm, upwards (mean ofQ obs,) 50.237 cm, 

(2) the same with current reversed (mean 

of 6 obs,) 50.222 cm. 

(3) from 100 cm, downward (mean of 6 

obs,) 50.215 cm, 

(4) the same with current reversed (mean 

of ^ obs,) 50.212 cm. 

Mean 50.222 cm, 

C* Length of the bridge-wire 100.00 cm. 

d. Value of the unknown resistance, 
Ax£-^(C-JB) = 

1.0021 X 50.222 -^ 49.778 = . . . 1.010 ohms, 

* J. E. W., May, 1886. 

Note. The value of the unknown resistance determined 
in this experiment includes that of the connecting wires, 
amounting to about 0.01 ohm. A deduction of 0.01 ohm 
should therefore be made in comparing this result with that 
obtained by the method of heating (Exp. 85). 
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EXPERIMENT LXXXVIIL 

A, Value of known resistance used as a standard 

of comparison (see Mcample 87, A) 1.002 ohms, 

B. Distance of contact on ^^ bridge-wire^^ from 

end nearer unknoion resistance (mean of 4 
observations — see £, Example 87) . 50.00 cm, 
(7. Length of " bridge-wire ^' 100.00 cm, 

D, Length of German silver wire (between con- 

necting strips) constituting unknown re- 
sistance 100.00 cm, 

E. Diameter of the wire (mean of 10 obs,) 0.05000 cm, 

f. Cross section of wire with this diameter (Table 3, 

O) 0.001963 sq. cm. 

g. Resistance of the wire Ay, B -^ (C — B) = 

1.002 ohms, 
h. Resistance of a wire of the same material and 

diameter 1 cm. long (g -i- D) z= . . 0.01002 ohm. 
i. Resistance of a wire of the same material 1 cm, 
long and 1 sq, cm. in diameter (h X /) = 

0.0000197 ** 
' The same in microhms = specific resistance in 
microhms of a centimetre cube of the 6er- 



k. 



man silver 19.7 



Compare (mean) value in Table 37 a . . 20, 



.7> 

1.8 ; 
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EXPERIMENT LXXXIX. 

A, Value of known resistance used as a standard 
of comparison^ 10 £, A, units = in legal 
ohms {see Table 50) 10 X 0.9889 = 9.889 ohms. 

JB, Distance of contact on " bridge-wire " from 
en.d connected with galvanometer^ mean of 4 
observations {see Example 87, B) . . 37.60 cm, 

C. Length of " bridge-wire " 100.00 cm. 

d. Resistance of galvanometer in legal ohms, 

AxB-i'{C — B) 5Mdohms. 



EXPERIMENT XC. 

A, Value of Jcjiown resistance used as a standard 

of comparison {see Example 87, A) 1.002 ohms. 

B, Length of ^^ bridge-wire^' between point of 

contact and battery {mean of 2 obs,) . . 49.0 cm, 

C, Length of ^'bridge-wire'^ ...... 100.0 c»i. 

d. Resistance of battery in legal ohms, 

AxB-^{C — B)=i 0.96 oAm. 
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EXPERIMENT XCI. 
First Method. 

A,* Deflection of Single Ming tangent galvan- 
ometer 59**.5 

JB* Corresponding deflection of DoubU-Ring 
tangent galvanometer with shunt (mean of 
2 obs.) 36^.05 

C* Mesistance of the shunt 0.10 ohm 

d. Redaction factor of Single Ring galvanometer 

(Example 80, 2) 0.50 

e. Redaction factor of Doable Ring galvanometer 

(Example 79, note) 0.56 

f Current through the Single Ring galvanometer, 
d X tangent oi A=> 

0.50 X 1.6977 (Table 5) = . . 0.85 amplre, 
g. Current through Double Ring galvanometer, 

e X tangent of ^ = 0.56 X 0.7279 = 0.41 « 
h. Current (by diflFerence) through the shunt, 

{f — g)= 0.44 « 

». Resistance of the galvanometer, 

CX A-H^=Cx0.44-f-41= . . 0.11 oAm. 

*F. S. D., May, 1888. 
Second Method. 
J, Deflection of galvanometer through a large 

external resistance 20°. 

JT. Valus of this resistance 1000 oAm«. 

X. Deflection reduced by a shunt to ... , 10°.O 

M. Resistance of this shunt 6.00 ohm^. 

n. Resistance of the galvanometer (T 224, 12) 
KXMX(J-L)-^{LXK + LXM-JXM)== 
1000x6.00Xl0.0^(lb.0Xl000)+10.0X6.0O-20.0x6.00) = 
60,000 -r 9940= 6.043 oAiiw. 
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EXPERIMENT XCU. 

A,* Deflection of Single Ring tangent galvan- 

ometer (mean of 2 obs,) 62*^.2 

B* The same loith additional resistance . . . 35°.25 
C* Valibe of resistance added 2.00 ohms, 

d. Resistance of battery, galvanometer, and con- 

nections (H 225, formula 10), O X tangent of 
B -s- (tangent oi A — tangent of ^) = (see 
Table 5) 2.00 X 0.7067 -f- (1.8967 — 0.7067) 
= 2.00 X 0.7067 -f- 1.1900 = . . 1.10 + ohms. 

e. Resistance of galvanometer (Example 91, $) 0.11 ohm. 

f. Internal resistance of battery (d — e) = 0.99 " 

*F.S.D., May, 1888. 



Note. The electromotive force of the batteiy is found by 
multiplying the current in A (0.50 X tangent of Ay see 
Example 80, 2) and the total resistance in A^ namely d. 
This gives 0.50 X 1.8967 X 1.10= 1.04 + volts. 
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EXPERIMENT XCIII. 

A, 1st resistance of the shunt (ac Figs. 254 and 

255) such that a Daniell battery of 2 cells 
reduces the current from a single Bunsen cell 
to zero 28.0 ohms. 

B, Corresponding resistance (h c) added to Daniell 

or main circuit 0.0 " 

C, 2d resistance of shunt neutralizing the current 

in the Bunsen or side-circuit when a new re- 
sistance is added to the main circuit . 168.0 ohms, 

D, Value of ths resistance {in C) added to the 

main circuit 10.0 " 

e. Resistance of the Daniell battery (formula 6, 
f 229), 

(AXB-BX C)^(C-A)=: 
(28.0 X 10.0— 0) -i- 140= . . . 2.00 " 



/ 



Average resistance of the Daniell cells 
iie)= 

Resistance of 1 Daniell cell by Mance's 
Method (Example 90 y d) .... 
The same by Ohm's method (Example 
92,/) 



1.00 

0.96 

L0.99 



Note. Taking the electromotive force of 1 Daniell cell 
as 1.04 (Example 92, note), that of 2 cells will be about 2.08 
voUs. This will give through an internal battery resistance 
2.00 ohms (see e) and through an external resistance of 28.0 
ohms (see A) a current of 2.08 -^ (28 + 2) = 0.0693 + 
amperes. The fall of potential in passing through 28.0 ohj)iS 
is accordingly 0.0693 X 28.0 = 1.94 vo^^s, which must be 
equal to the electromotive force of the Bunsen cell. 
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EXPERIMENT XCIV. 
First Pakt. 

A. JElectromotive force of a (given) DanieU cell 

from Mcp, 92 {see Example 92, note) , 1.04 volts 

B. Deflection of tangent galvanometer dice to this 

and another DanieU cell in series . . 62°.4 N.E. 

C. The same when the second cell is opposed to 

the first r.ON. W. 

D. Is the 2d cdl stronger or loeaker than the 

1st? Stronger, 

e. Electromotive force of stronger cell (see D) by 
formula 9, IT 231, and bj Table 5, 
A X (tan. D + tan. O) -h (tan. D — tan. C) = 
1.04 X (1.9128 + .0175) -2- (1.9128 — .0175) = 
1.04 X 1.9303 -f- 1.8953 = 1.06 volts. 

Second Part. 

E. Defection of tangent galvanometer due to 1 

Bunsen and 2 DanieU ceUs in series through 

an external resistance of about 2 ohms 62°.0 N. E 

G. The same when Bunsen ceU is opposed to the 

two DanieU cells 5°.0 N. E. 

II, Is the Bunsen ceU stronger or weaker than the 

2 DanieU ceUs in series ? Weaker. 

i. Electromotive force of the two DanieU cells 

. (^ + c)= 2.10 volts. 

j. Electromotive force of the Bunsen cell, by for- 
mula 8, H 231 (see D) and by Table 5, 
i X (tan. i^"— tan. G) -4- (tan. i^'+tan. G) — 
2.10 X (1.8807 —.0875) -s- (1.8807 + .0875) = 

1.92 volts. 
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EXPERIMENT XCV. 

-4. First resistance in thermoelectric circuit 
in addition to that of the thermo-ele- 
ment, of the galvanometer^ and of the 
connecting wires . 0.0 ohms. 

JB, Corresponding resistance in circuit of 
DanieU cell, reducing the current to the 
same value as in A 1313 " 

C, Second resistance in thermo-electric cir- 
cuit in addition to that of the thermo- 
element, of the galvanometer and of 
the connecting wires t 3.0 " 

J9. Corresponding resistance in circuit of 
DanieU cell, reducing the current to the 

same value as in C 2563 ** 

e. Increase of resistance in thermo-electric 
circuit corresponding to r, formula 10, 

IT 233 ((7—^)= •. . 3.0 « 

f Increase of resistance in DanieU circuit, 
corresponding to (JR2 — jRi) in formula 

10, 11233 (i> — 2?)= 1250 " 

g. Electromotive force of (given) DanieU cell 

(Example 92, note) . 1.04 volts. 

h. Electromotive force of thermo-element 
(formula 10, IT 233) 
gXe'T'f= 1.04 X 3.0 -5- 1250 = 0.0025 " 
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EXPERIMENTS XCVI.-XCVII. 

A,* Distances between points of con- B.* Corresponding deflections of 
tact on uniform straight wire, galvanometer with 8000 ohms 

added resistance. 

1. 10 cm. T. 

2.. 20 cm. 19^ 

3. 30 cm. 31°. 

4. 40 cm. 40°. 

5. 60 cm. 47°. 

6. 60 cm. 52°.5 

7. 70 cm. 57°. 

8. 80 cm. 61°. 

9. 90 cm. 63°.5 
10. 100 cm. 66°. 

[^ See Fig. 260, page 527. 

C* Deflection due to Daniell ceU 48° 

2>.* Deflection due to Declanche cell. 65° 

M Deflection due to Bunsen cell 

f. Nuiuber of cm, in A corresponding to a deflec- 

tion in B of 48° (see G)\)y interpolation, 
50 cm. + (48 — 47) -f- (52.5 — 47) X 10 = 

51.8 cm. 

g. Electromotive force of the (given) Daniell cell 
(Example 92, note) 1.04 volts. 

h. Number of volts per cm. (g -i-f) = 0.020 volts per cm. 
i. Number of cm. corresponding to deflection 65° 
(see D) of Leclanch^ cell by interpolation, 
90 cm. + (65 -- 63.5) -f- (66 — 63.5) X 10 = 

96.0 cm. 
j. t Electromotive force of Leclanch^ cell 

{hXi)= l.9 + volts.1f 



Exp. 98.] OBSERVATIONS AND CALCULATIONS. 1033 

k. Number of cm. corresponding to deflection of 

Bunsen cell 

/. Electromotive force of Bunsen cell (A X ^) = 

* S. L. B., May, 1888. 

t This result (1.9 + volts) is far too great (see Table 
35). The error was probably due to exhaustion of the 
Daniell cell used as a standard of comparison. A subsequeut 
determination of one of the Daniell cells by Poggendorff's 
method (Exp. 99) gave 0.724 volU (H. F. B., May, 1888). 
Substituting this value for 1.04 volts in the example, the 
electromotive force of the Leclanche cell becomes 1.34 volts. 



EXPERIMENT XCVm. 

A* Distance between points of contact of poles 

of Leclanche cell (mean of 5 ohs,) . . 64.46 cm, 

B* Distance between points of contact of poles 
of Daniell cell {mean of 6 corresponding 
obs.) 46.53 cm, 

c. Ratio of the electromotive force of Leclanche 

to that of Daniell cel\(A^B)= . , . 1.385 

d. Electromotive force of Daniell cell (Example 92, 

note) 1.04 volts, 

e. Electromotive force of Leclanche cell 

(c X ^) = 1.42 " 

* L. L. H., May, 1886 

Note. The Leclanche cells used in the JefiPerson Physi- 
cal Laboratory (1885 to 1886) had electromotive forces 5 or 
10 % higher than the value contained in Table 35. 

29 
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EXPERIMENT XCIX. 

u4.* Deflection of tangent galvanometer . , . 45°. 2 
B,* Resistance of the coil {Exps, 85, 87) 1.002 ohms. 

c. Reduction factor of galvanometer (Exp. 83) 1.00 

d. Current in amperes (c X tangent of A), 

(see Table 5) 1.007 amperes, 

c Electromotive force of the Daniell cell 

e. \ {BXd)= (1.01^0^^5. 

( Previous determination (Exp. 92) . . ( 1.04 " 

* F. S. D., May, 1888. 



EXPERIMENT C» 



Obsebyations. 

A.^ Mean difference in megadynes between 
the readings of two spring balances . 

B,* Number of revolutions per second, re- 
duced from obs. lasting 100 sec, . . 

C* Circumference of the pulley-wheel in 
centimetres 

D.* Mean current in amperes indicated by 
(an ammeter or) tangent galvanometer. 

E* Mean electromotive force m volts indi- 
cated (by a voltmeter or its equivalent.) 

Calculations. 

/. Power utilized by the motor in meg- 
ergs per second {AX BX C)= . 

g. The same in watts, 

/^io = 

h. Power spent upon motor in watts 
(DXE):= 

i. Efficiency of the electric motor 
(g-t-h) X100% 



l8t set of 
observa- 
tions. 


2d set of 


0.108 


0.123 megadynes. 


2.65 


2.27 rev, per sec. 


30.3 


30.3 cm. 


1.48 


1.50 amperes. 


6.3 


6.2 volts. 


8.7 


Q^^\megergs 
*^'" I per sec. 


0.87 


0.85 imtJs. 


9.3 


9.8 watts. 


9.4% 


9.1 %, 



♦ F.S.D., May, 1888. 



FIRST LIST OF EXPERIMENTS. 1035 



APPENDIX VL 

FIRST LIST OP EXPERIMENTS IN PHTSICAL MEASUREMENT, 
INTENDED TO COVER THE GROUND REQUIRED FOR AD- 
MISSION TO HARVARD COLLEGE, BOTH IN ELEMENTARY 
AND IN ADVANCED PHYSICS. 

Note. The experiments in this list are designated 
by the letter A. The abbreviations " H. U. Elem." 
and " H. U. Adv." refer to lists of experiments pub- 
lished by Harvard University, — the elementary list 
in October, 1889 ; the advanced list in June, 1890. 
The numbers following the abbreviations refer to the 
exercises in these lists to which a given experiment 
corresponds. Different parts of experiments are in- 
dicated by Boman numerals. Experiments marked 
" extra " do not correspond to any particular num- 
bers in the lists, but are suggested as equivalents. A 
few experiments covering ground outside of the Har- 
vard requirements are also included. If time is lim- 
ited, these could naturally be left out, and are marked 
accordingly "Omit." The correspondence between 
this list and the two Harvard pamphlets is given at 
the end of the list. 

Before performing the experiments the student 
should read the following sections in Part IH. : In 
Chapter L, §§ 1 and 2 ; in Chapter II., §§ 23, 24, BO- 
SS; in Chapter IV., §§ 50, 53-60. 
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HYDROSTATICS. 

1 A. Find the length, breadth, and thickness in cm, of a 
block of wood, IT 3. Read § 5. Review §§ 1, 2, and 32, 
1st paragraph. Calculate the volume in cu. cm. by multiply- 
ing the length, breadth, and thickness together. 

Apparatus: — Block (wooden solid), and Gauge (vernier). 

H. U. Elem., 7 I. 

2 A. Find the weight in grams of the block used in 1 A, 
as in IT 2. Read §§ 6 and 9, also § 35. Calculate, as in H 1, 
the density of the block. 

Apparatus : — Balance (ft) ; Block (wooden solid) ; Weights 
{g). H. U. Elem., 7 II. 

3 A. Find the density of water, or better that of a 
saline solution of unknown strength, by loading a block of 
wood until it floats or sinks indifferently (foot-note page 2)i 
then find, as in 1 A and 2 A, the volume, weight, and density 
of the block. The latter is equal to the density sought. 
Read §§ 62, 63, and 64. 

Apparatus : — Balance (b) ; Block (hollow) , Gauge (ver- 
nier) ; Weights (g) ; Lead, shot, and (salt) water. 

H. U. Elem., 10, II. 

4 A. Find the specific gravity of a block of wood by 
flotation in water. Mark the water-line in pencil at each 
comer, sighting (as in Fig. 6, page 10) the under surface of 
the water. Measure the average distances, d and d', of the 
water-line from the upper and lower surfaces of the block. 
Divide cP hj d -hd^y to find the specific gravity in question. 
Read §§ 3, 45, and 69. See Harvard Elementary List, Ex. 
9, second part. 

Apparatus : — Block (wooden, hollow) ; Metre rod, pencil, 
and water. H. U. Elem., 9, III. 
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5 A."^ Find the weight required to siuk a Nicholson's hy- 
drometer to a given mark in water at, below, and above the 
temperature of the room (HIT 6 and 7). Plot a curve as in 
Fig. 7, page 12. Read § 4. Eeview § 59. 

Apparatus : — Brush (camel's-hair) ; Nicholson's Hydrom- 
eter; Thermometer, and Weights (c^) ; Hot and cold water. 

(H. U. Adv., 1.) 

6 A.* Find with Nicholson's hydrometer the weight in air 
of some steel bicycle-balls, also that of a small wooden block, 
IT 8. Read § 43. 

Apparatus: — Balls (steel); Block (small); Brush (cameFs- 
hair) ; Nicholson's Hydrometer ; Thermometer, and Weights 
{eg), H. U. Elem., 8 I., 9 I. 

7 A.* Find with Nicholson's hydrometer the weight in 
water of objects used in 6 A (H 10), and calculate their ap- 
parent specific gravity (§ 66). 

Apparatus same as in 6 A. 

H. U. Elem., 8 II., 9 II. 

Note. The blocks of wood must be held down by the 
lower pan {l. Fig. 9, page 15), since its weight in water is 
negative. Reverse the pan if necessary and place the block 
under it. The weight of water displaced by the block is the 
difference between the two weights required to sink the hy- 
drometer with the block in air and in water. Divide the 
weight of the block by the weight of water it displaces to find 
its specific gravity. 

* Exps. 6 A, 6 A, and 7 A may be performed with a Jolly (spring) 
balance instead of a Nicholson's hydrometer. 
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USE OF A BALANCE. 

8 A. Find the sensitiveness of a balance with loads of 
0, 20, 50, and 100 grams in each pan (HH 20-21). Plot the 
results, Fig. 16. Read H 22, §§ 25 and 26. Review §§ 30 
and 38. 

Apparatus ; — Balance (a) ; Weights {eg), 

H. U. Adv., 9. 

9 A. Find the ratio of the arm of a balance (H 23). Re- 
peat two or three times. Reduce as in ^ 24. Read §§ 41 
and 46. Estimate probable error (§ 50). 

Apparatus: — Balance (a) ; Weight {eg), 

H. U., Extra. 

10 A. Find roughly the density of air as in Exp. XVII. 
(ITir 44 and 45), calculating the degree of exhaustion. Com- 
pare the observed density with data contained in Tables 19 
[and 20] for the same conditions of pressure, temperature, 
[and humidity]. Read § 48. 

Apparatus : — Balance (b) ; Barometer (aneroid) ; [Hy- 
grodeik] ; Pump (Richards) ; Rubber Stopper (1 hole) ; Spe- 
cific Gravity Flask ; Stopcock ; Thermometer ; Weights {g). 

H. U. Elem., 11. 

Note. Rough observations of the barometer, thermometer, 
and hygrodeik will suffice (see Exp. 5). 

11 A. Find the density of some coal-gas as in Exp. 
XVIII. Calculate the density of air as in No. 10 A, from 
observations of a barometer, thermometer, and hygrodeik 
(HIT 13, 15). Read §§ 70 and 81 ; see Tables 18 d and e. 

Apparatus : — Balance (a) ; Rubber Stopper ; Barometer 
(aneroid) ; Hygrodeik ; Specific Gravity Flask ; Thermome- 
ter ; Weights {cg)y and Coal-gas. 

H, U. Elem., Extra. 
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12 A. Find gross errors (if any) in the reading of a baro- 
deik by comparing its indications with results obtained as in 
10 A or 11 A. Employ the method of weighing by oscilla- 
tions (IT 20). Read §§ 49, 65, and 71. 

Apparatus: — Balance (a), with Barodeik; Barometer 
(aneroid) ; Hygrodeik ; Thermometer ; Weights (cg)» 

H. U. Adv., 7. 

13 A. Find the weight of a glass ball in air by a double 
weighing, IT 28. Weigh also a piece of cork coated with var- 
nish. Read § 44. Reduce the results to vacuo by Table 21. 
Assume that the density of glass is 2.5. 

Apparatus : — Balance (a) ; Ball (glass) ; Rings (small) ; 
Weights {eg). H. U. Adv., 8. 

THE HYDROSTATIC BALANCE. 

14 A. Find the weight of a glass ball in water (IT 29). 
Read §§ 67 and 68. Calculate the volume and density of 
the ball. 

Apparatus : — Arch (hydrostatic) ; Balance (a) ; Ball 
(glass) ; Beaker ; Brush (camel's-hair) ; Stirrer ; Thermom- 
eter ; Weights {eg). Supplies : Wire and water. 

H. U. Adv., 10, I. 

15 A. Find the weight of the cork (in No. 13 A) in water 
by attaching a sinker to it, and weighing the sinker in water 
with and without cork (IT 29). Calculate the density of the 
cork. Read § 34. Consider what assumptions you have 
made in this and in other experiments with the hydrostatic 
balance. Test the accuracy of one or more of these assump- 
tions by weighing the cork in air after weighing it in water. 

Apparatus: — Arch (hydrostatic) ; Balance (a) ; Beaker; 
Brush (camel's-hair) ; Cork; Sinker; Weights (c^). Sup- 
plies : wire and water. H. U. Adv., 12. 
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16 A. Find the weight of a glass ball (of No. 13 A) in 
alcohol at an observed temperature (IF 30). Calcalate the 
density of the alcohol (IT 31). 

Apparatus : — Arch (hydrostatic) ; Balance (a) ; Ball 
(glass) ; Beaker ; Brush (camel's-hair) ; Stirrer ; Thermom- 
eter ; Weights {eg). Supplies : Wire and alcohol. 

H. U. Adv., 11. 

17 A. Find the readings of a densimeter in glycerine, 
water, and kerosene, and plot curve of corrections, as in 
Exp. XV., HT 39, 40, 41. Read § 36 (3). 

Apparatus: — A Densimeter with jar containing glyce- 
rine, water, and kerosene. H. U. Adv., 16, 1. 

18 A. Find the density of three saline solutions by means 
of a densimeter, apply corrections found in 17 A. (Exp. XY., 
W 39, 40, 41.) 

Apparatus: — A Densimeter with three jars containing 
different saline solutions. H. U. Adv., 16, II. 

19 A. Find the capacity of a capillary tube by means of 
mercury. See T 169, II., and IT 170. Read § 39. 

Apparatus : — Balance (a) ; Capillary Tube ; Weights 
(eg) ; Mercury. H. U. Adv., 55, 11. 

Note. The student who wishes to take as little as 
possible for granted may himself determine the density of 
mercury, as in 21 A, before performing this experiment. 
The method described in 16 A is also (theoretically) possible, 
with, for instance, a platinum ball, which would sink in mer- 
cury. Attention is called to Tables 23 A, and 24, also to 
23 B, which is intended especially to shorten calculations, in 
calibration by mercury. 

20 A. Find the capacity of a Specific Gravity Bottle 
(IT 32). Read f 33. 

Apparatus : — Balance (a) ; Specific Gravity Bottle ; Stir- 
rer ; Thermometer ; Weights (eg) ; Water. 

H. U. Adv., 13. 
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21 A. Find the density of alcohol by the Specific Grav- 
ity Bottle, and calculate the strength of the alcohol (If 38). 
Use Table 27. 

Apparatus : — ^ Balance (a) ; Specific Gravity Bottle ; Stir- 
rer ; Thermometer ; Weights {eg) ; Alcohol. 

H. U. [Elem. 10, 1.] Adv., 15. 

22 A. Find the volume of some steel balls, by the Spe- 
cific Gravity Bottle. Calculate their density. 

Apparatus: — Balance (a); Balls (steel); Specific Grav- 
ity Bottle (IT 84) ; Stirrer ; Thermometer ; Weights {eg) ; 
Water. H. U. Adv., 14. 

23 A. Find the volume of some crystals of sulphate of 
copper by the use of alcohol (^ 36, 37), and calculate their 
density. 

Apparatus : — Balance (a) ; Specific Gravity Bottle ; 
Stirrer ; Thermometer ; Weights {eg). Supplies : Alcohol 
and crystallized sulphate of copper. 

H. U., Extra. 

24 A. Find the correction for one reading of p Vernier 
gauge (IT 50, I). Read f 47, but use Table 3, H. Read 
HI 48 and 49 ; also §§ 37, 72, and 73. 

Apparatus : — . Ball (glass) ; Gauge (vernier) ; Lens 
(magnifying). H. U. Adv., 2. 

25 A. Find the pitch of a screw (1 50, II.). 
Apparatus : — Balls (steel) ; Micrometer Gauge. 

H. U. Adv., 3. 

26 A. Find the constants of a spherometer (f H 51 and 54). 
Apparatus : — Ball (glass) ; Plate (glass) ; Spherometer. 

H. U. Adv., 4. 

27 A. Find the radii of curvature of 2 spherical sur- 
faces, IT 55. Read IT 56. 

Apparatus : — Lens (magnifying) ; Spherometer. 

H. U., Extra. 
Review Chapter V. (Hydrostatics). 
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PRESSURE. 



28 A. Find the readings of a manometer under two or 
more different pressures (IF 78). Find also the height of the 
barometric column (IT 13). Read IT 77 and §§ 77, 78 and 
79. 

Apparatus : — Air Thermometer and Manometric Appara- 
tus with mercury, H. U. Elem., 6. 

29 A. Find the mercurial pressure required to keep air 
in manometer from expanding when heated from 0° to 100^. 
(1 76, as far as line 17, page 130.) Read §§ 74, 75, 76. 
Also IT 76. Calculate e by formula, page 131. 

Apparatus : — Air Thermometer ; Manometric Apparatus ; 
Steam Boiler ; Steam Jacket ; Thermometer. 

H. U. Elem., 25. 

80 A. Find the fixed points of an Air-Thermometer 
(first paragraph, 1 73). Read § 80 and IT 74. Calculate e 
by formula X., page 126. 

Apparatus: — Air Thermometer; Steam Boiler; Steam 
Jacket ; Thermometer. H. U. Elem., 26. 

31 A. Find the fixed, middle, and quarter points of a 
Mercurial Thermometer (ITIT 66, 67, 68, 69, 70). Estimate 
tenths of a degree (§ 26). 

Apparatus : — Beaker (for ice) ; Bun sen Burner ; Steam 
Boiler ; Thermometer. Supplies : Gas, ice, and water (or 
steam). H. U. Elem., 23 [Adv. 56]. 

32 A. Find the coefficient of expansion of water between 
about 20^ and 100^ (IT 59). Read 11 60 and 61, and § 82. 
Review §§62 and 63. 

Apparatus : — Expansion Apparatus with accessories. 
Supply of water and steam. 

H. U. Adv., 53 [Elem., 10, III. or IV.]. 
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33 A. Find the coefficient of expansion of alcohol from 
about 20° to 40° or 50° by the Specific Gravity Bottle. 
(ITir 62, 63). 

Apparatus : — Balance (a) ; Specific Gravity Bottle ; 
Stirrer; Thermometer; Weights {eg). Supplies: Alcohol 
aud hot water. H. U., Extra. 

34 A. Find the coefficient of expansion of glass by the 
weight thermometer (IT 240). 

Apparatus : — Balance (a) ; Bunsen Burner ; Steam 
Boiler; Steam Jacket; Thermometer (weight); Weights 
{eg). Supplies : gas, ice, mercury, and water (or steam). 

H. U. Adv., 5a 

35 A. Find the coefficient of linear expansion of a brass 
rod from about 20° to 100° (1 57). Read § 83. 

Apparatus : — Brass Rod ; Micrometer Frame ; Steam 
Boiler ; Steam Jacket ; Thermometer. H. U. Elem., 24. 

36 A. Find the boiling-point of one or more liquids, and 
the melting-point of paraffine {^^ 83, 84). 

Apparatus : — Stopper (1 hole) ; Test Tube ; Thermometer. 
Supplies : Hot water, paraffine, alcohol, etc. 

H. U. Adv., 57. 

37 A. Find the temperature of the air (IT 15) and the dew- 
point (IT 16). Read IT 17. Obtain the relative humidity 
(Table 14, A) and the pressure of aqueous vapor (Table 15 ). 

Apparatus: — Cup (nickel-plated) and Thermometer, with 
ice and salt. H. U., Elem. 22, II. 

38 A. Find the maximum pressure of aqueous vapor at 
about 40^ (IT 81). 

Apparatus : — Balance {h) ; Rubber Stopper ; Specific 
Gravity Flask ; Thermometer ; Weights {g) and hot water. 

H. U. Elem., 22, 1. 
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CALORIMETRY. 



39 A. Find different rates of cooling of a calorimeter 
(lir 85, 87). Read T 86, also §§ 47, 89. 

Apparatus: — Calorimeter; Clock; Stirrer; Thermom- 
eter. Supply of hot water. H. U., Extra. 

40 A. Find the thermal capacity of a calorimeter with 
thermometer and stirrer. T 90 (1), I., and T 90 (2) ; IT 91, 
I. and III. Read §§ 16, 84, 85. Review § 45. 

Apparatus : — Balance (b) ; Calorimeter ; Clock ; Stirrer ; 
Thermometer ; Weights (ff). Supply of hot water. 

H. U. Adv., 60. 

41 A. Find roughly the conductivity of sand by means of 
a calorimeter (T 241, L). 

Apparatus: — Balance (d) ; Calorimeter; Clock; Stirrer; 
Thermometer; Weights (g). Supply of sand and hot 
water. H. U., omit. 

42 A. Find the specific heat of lead shot (T 94, L). Read 
§§ 86 and 90* Use Formula VII., page 194. 

Apparatus : — Balance (b) ; Bottle (ice water) ; Calorime- 
ter ; Thermometer ; Weights (g) ; Shot, ice, and water. 

H. U. Elem., 27 (Adv. 62). 

43 A. Find the specific heat of alcohol or turpentine by 
the following electrical method;* place two equal (ohm) 
resistance-coils (Fig. 238, If 212) in two equal calorimeters 
(see B., Fig. 239) ; fill one calorimeter with w^ grams of 
water, the other with to" grams of alcohol ; pass a current 
from 2 Bunsen cells in series (§ 140) through both resistance- 

* This experiment is taken from the Harvard University List of 
Advanced Physical Experiments, 1890, Exp. No. 64. It would be 
well in repeating it to interchange the contents of the two calorime- 
ters (§ 44). 
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coils for aboat 10 minates; note the rise of temperature (f) 
of the water and (t") of the alcohol. Having found the 
thermal capacities (c' and c") of the two calorimeters, as in 
IF 90, 2, we may calculate the specific heat of alcohol by 
the formula 

'+.c'«' — c"«" 






^" 



To obtain acccurate results by this method, an allowance 
for cooling must be made in estimating the temperatures 
in question. 

Apparatus : — Balance (b) ; Battery (2 Bunsens) ; 2 Re- 
sistance-coils ; 2 Stirrers; 2 Thermometers; Weights (g). 
Supplies : Alcohol and water, connecting wires. 

H. U. Adv„ 64. 

44 A. Find the latent heat of liquefaction of water as 
follows : Mix 1 part, by weight, of ice with 5 parts of water 
at about 40*^ in a calorimeter. Note the temperature of 
the water before pouring it into the calorimeter, and after the 
ice has melted. Calculate the result by formula of IT 102, 
neglecting c. Read If 102, also §§ 87, 88, 91. 

Apparatus: — Balance (b) ; Shot Heater; Stirrer; Ther- 
mometer 5 Weights (g) ; ice and warm water. 

H. U. Elem.,28 (Adv.' 63). 

Note. The object of this variation from the method of 
IT 101 is to avoid considering the thermal capacity of the 
calorimeter. 

45 A. Find the latent heat of vaporization of water 
essentially as in H 103; but find the temperature of the 
water by a single observation be/ore pouring it into the cal- 
orimeter, and cut off the steam when the water reaches the 
temperature of the room. (See note under 44 A.) Calculate 
the result by the formula of IT 104, neglecting c. Read IT 104. 
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Apparatus : — Balance (b) ; Steam Boiler ; Steam Trap ; 
Stirrer ; Thermometer ; Weights (g) ; Ice and warm water. 

H. U. Elem., 29. 

46 A. Find the heat of combination of zinc and nitric 
acid (irH 105, 1, 106), 

Apparatus : — Balance (a) ; Calorimeter, with glass lin- 
ing; Clock; Stirrer; Thermometer; Weights (eg). Sup- 
plies: Zinc fihngs and dilute Nitric Acid. 

H. U., omit 

47 A. Find the heat of combination of zinc oxide and 
nitric acid. (1[ir 105, 2, 106.) 

Apparatus same as in 46 A. Supplies : Zinc Oxide and 
dilute Nitric Acid. H. U., omiL 

Review Chapter VL 



RADIANT HEAT AND LIGHT. 

48 A. Find the candle -heat power of a kerosene lamp 
(inr 111, 112), and calculate that of a lamp burning 8 
grams of kerosene per hour (IT 113). Road §§ 94, 95, 148. 

Apparatus : — Balance (b) ; Candle ; Clock ; Galvanome- 
ter (astatic) ; Kerosene Lamp ; Optical Bench ; Ther- 
mopile: Weights (g). H. U, Adv., 99. 

49 A. Find the candle-power of a kerosene lamp by Bun- 
sen's photometer (IF 114, I). Read IT 109. Reduce the 
candle-power of the lamp to 8 grams per hour. Use formula 
and reasoning of IF 113. 

Apparatus; — Candle; Kerosene Lamp; Optical Bench; 
Photometer. H. U. Elem., 34 (Adv. 32), 

50 A. Find the principal focal length of a lens by two dif- 
ferent methods (IF 116 (1), (2)). Read § 103. 
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Apparatus: — Chimney (perforated); Kerosene Lamp; 
Lens (magnifying) ; Optical Bench. 

H. U. Elem., 36. 

51 A. Find the equivalent focal length of a compouDd 
lens as follows : Place two lights at two points W and H^^ 
(Fig. 7, § 104) as fieur as possible from the lens, and separate 
them so as to produce the greatest measurable distance be- 
tween the images Bf and B^K Measare this distance and call 
it d. Now substitute the lens from 50 A; focus by moving 
the screen ; and let the new distance between the images 
be d'. 

Calculate the focal length (i^) of the compound lens from 
that (F^) of the lens in 50 A, by the formula — 

F=F' X ^. 
a 

Read first two paragraphs of § 104. See Harvard List of 
Advanced Physical Experiments, No. 45. 

Apparatus: — Candle; Kerosene Lamp ; 2 Lenses ("doub- 
let "' and magnifying lens) ; Metre Rod ; Optical Bench. 

H. U. Elem., 38 (Adv. 45, 46). 

52 A. Find several conjugate focal lengths of a lens 
(IT 117, (1), (2), and (3)). Note the size of the images (see 
§ 104). Calculate the principal focal length of the lens. 
Use formula, page 238. 

Apparatus : — Chimney (perforated) ; Kerosene Lamp - 
Lens (magnifying) ; Metre Rod ; Optical Bench. 

H. U. Adv., 42 (Elem., 37, L). 

53 A. Find the virtual foci of several (nearly) plane 
mirrors (H 1 18). Tell which are convex and which concave, 
remembering that the virtual images (§ 104) of convex mir- 
rors are nearer than the objects producing them. Read IT 118. 

Apparatus : — Mirrors (small) ; Optical Bench, 

H. U. Elem., 35 (Adv. 41). 
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54 A. Find 3 virtual foci of a long-focus converging lens 
(H 119, II.). Calculate the principal focal length. 

Apparatus :— Lens (long focus), and Optical Bench. 

H. U- Elem., 37, II. 

55 A. Find the zero-reading (§ 32) of a sextant (H 123). 
Read § 97. 

Apparatus i — A Sextant. H. U. Adv., 35, I. 

56 A. Find by a sextant the angular semidiameter of the 
sun (H 124, I.). 

Apparatus: — A Sextant. H. U. Adv,, 35, II. 

57 A. Find the three angles of a prism (H 125), 
Apparatus : — A small Prism ; Kerosene Lamp (with slit) ; 

Spectrometer (or sextant). H. TJ. Adv., 50. 

58 A. Find the angle of minimum deviation for a ray of 
sodium light passing through a prism angle of known magni- 
tude (111 126, 127). Read H 128 and § 102. 

Apparatus . — Prism (used In 57 A) ; Sodium Flame (with 
slit) ; Spectrometer (or sextant). H. U. Adv., 52. 

59 A. Find the distance between the lines of a diffrac- 
tion grating (H 130). Read H 129, § 101. 

Apparatus : — Diffraction Grating ; Sodium Flame (with 
slit) ; Spectrometer (or sextant). H. U., Extra. 



SOUND (§§ 92-96). 

60 A. Find the wave-length of sound from a tuning-fork 
in a rubber tube (H 131, I.). Read § 100. 

Apparatus: — Metre Rod; Rubber Tube; Tuning-Fork 
Ftube. H. D. Elem., 32. 

61 A. Find the wave-length of sound from a tuning-fork 
in a resonance tube (t 132). Read §§ 98 and 99. Notice 
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that the lengths of the tuhe corresponding to a given fork 
are nearly proporiioual to the odd integers 1, 3, 5, &c. 

Apparatus. — Besonance Tube and Tuning -Fork (A = 
220). H, U. Adv., 26. 

62 A, Find the pitch of a tuning-fork by the graphical 
method (H 139). Read §§ 7 and 96. 

Apparatus : — Smoked Glass app. ; Tuning-Fork (c = 64). 

H. U. Elem., 31. 

63 A. Find the pitch of a tuning-fork by the toothed 
wheel (H 144). Read H 145. 

Apparatus: — Toothed Wheel apparatus; Tuning-Fork 
(c = 64). H. U., Extra. 

64 A. Find the musical interval between two tuning- 
forks by means of a monochord (H 133,111.). Read IT 134. 

Apparatus : — A Monochord and 2 Tuning- Forks (A = 
216 to 220, c = 256). H. U. Adv., 24. 

Note. A musical ear is of service in making rapidly the 
necessary adjustments of a monochord, but is not absolutely 
necessary for this experiment Unison between the fork and 
string may be tested by touching the base of the fork to the 
end of the string. If unison exists the fork should commu- 
nicate its vibration to the string. 

If / is the length of the string and m its mass per unit of 
length, the number of vibrations (w) produced in one second 
by a stretching force (f) in dynes (equal to wg if w Is the 
stretching weight) may be found by the formula — 

21^ m 
Students not preparing for Harvard College may substitute 
H 133, 1, or II. for 1[ 133, III. 

65 A. Find by Lissajous' curves (t 143) the musical in- 
terval between two C-forks 2 octaves apart, also find the 

30 
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musical interval between the higher of these forks and a G$ 
fork two *' octaves " and a " third " below it. Read HH 134 
and 142. 

Apparatus :— Lens (small) ; 3 Tuning-Forks ( C' = 256, 
0=, 64, 6rjf = 51.2) ; Kerosene Lamp for smoking, and 
sealing wax. H, U. Adv., 29. 

Note. Instead of the forks mentioned above, two A-forks 
and a 2>-fork may be used {A = 21Q,A = 54, I) = 72) or 
only 2 forks (C= 64, C= 128), as suggested in H 143. The 
advantage of using three forks Is that the labor and ap- 
paratus required in the next experiment may be greatly 
reduced. 

66 A. Find the pitch of a set of forks, covering a known 
musical interval by the method of beats (H 141). Read 
tHO. 

Apparatus: — A clock and 5 tuning-forks, ffJ=5L2, 
^ = 54, ^ = 57, ^=.60, C = 64. 

H. U. Adv., 25. 

Note, If^in the last experiment (No. 65 A.) an A- 
and a D-iork were used, 6 forks will now be required, 
namely : ^ = 54, ^$=57, £ =. 60, C= 64, C$ = 68, and 
I) = 72. If only two forks were used ( C = 64 and C = 128), 
a set of 17 forks will be necessary to cover the Interval in 
question. 

The results of the last experiment (No. 65 A.) are redu- 
cible to the form (see H 142, formula I.), 

^ = ^1 A + c (1), and jH =^n^p^ + c, (2) ; 

hence, substracting (2) from (1), we have 

n,p, — n^p., = c^ — c^ (3). 
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Now from this experiment (No» 65 A) we find 
jPa —Pi =/? (4) ; whence w, p^ — n^Pi = n^p (5). 
Adding (3) and (5) we have finally 

(n, — n^)p, = n^p + c^ — c^ (6), 

where Ui and ^2 represent the respective numbers of lobes 
visible when the first and when the second of two forks are 
compared with a third fork higher than either of them ; pi the 
pitch of the first fork, p the excess of the second fork over the 
fii'st, Cs — Ci the algebraic excesses of the third fork over the 
nearest harmonic of the first and second, respectively. The 
pitch of the forks chosen above is such that t?^ — n^ = 1. 
If they are carefully tuned or loaded, Ci and c^ may be made 
nearly equal or both very small, so that in either case Cj — Ci 
may be neglected. After any such adjustment of pitch the 
observations named in Nos. 65 and 66 must of course be re- 
peated. 

67 A. Find the pitch of the note due to longitudinal 
vibrations in a wire (IT 248 1) either by a pitch-pipe (Fig. 273), 
or (in the absence of a musical ear) by a resonance tube, 
^^ 132, 134, II. Calculate the velocity of sound in the 
wire (T 248). 

Apparatus : — A Pitch-Pipe (or Resonance Tube) ; Tape 
Measure : Wires ; Cloth, Resin, etc. 

H. U. Adv., 27. 

68 A. Find the pitch of the note due to torsional vibra- 
tions in a wire (% 248, II.), either by a pitch-pipe or by a 
resonance tube. Calculate the velocity of these torsional 
vibrations in the wire. 

Apparatus : — Same as in 67 A. 

H. U., Extra. 

69 A. Find the velocity of sound (f 135 (1), (2), & (3) ; 
fl36, first paragraph; f 137, III.). Read ff 138, 135 
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(4); also §§ 8, 10, 92 and 93. Use formula II, page 
281. 

Apparatus : — Clock ; Signalling Apparatus ; Tape Meas- 
ure. H. U. Elem., 30. 

Review Chapter VII 

VELOCITY. 

70 A. Find the velocity (v) of a bullet by a ballistic pen- 
dulum (f 147, (7)) as follows: Find the weight (m) of the 
bullet and that (M) of the pendulum ; measure the length 
{A C) of the suspending cords. Project the bullet into the 
pendulum. Let the pendulum be caught by a ratchet at its 
furthest point. Measure the distance {A. B. Fig. 9, § 109) 
through which it has swung. Read §§ 11, 12, 106 and 109. 
Calculate the velocity F' of the pendulum by the formula 

F=^^|/-^, (8ee§109.) 

Now read §106. The impulse ft which the bullet gives the 
pendulum may be measured either (1) by the momentum 
lost by the bullet, that is, m (v — F), or (2) by that gained 
by the pendulum (M V) ; hence M F= m (v — F), or 



V = ^ + ^ y (see f 147, 7). 



m 

Apparatus : — Ballistic Pendulum ; Bullet (with means of 
projecting it) ; Clock ; Metre Rod. 

H. U. Elem., Extra. 

71 A. Find the average velocity of a falling body (^ 148). 
Read §§ 107, 108 and 111. Calculate the acceleration of 
gravity. 

Apparatus : — Clock ; Falling Body Apparatus ; Metre 
Rod. H. U. Adv., 18. 
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72 A. Find the length of a seconds, ^ seconds and ^ sec- 
onds pendulum (% 149). Tabulate results as on page 319. 
Read §§ 28, 29, 40, 61, and 110. 

Apparatus; — Clock; Metre Rod; Pendulum (simple), 

H. U. Elem., 19 (Adv., 17). 

73 A. Find the relative masses of two billiard balls as 
suggested on pages 312-313. Make a series of experiments 
all performed in exactly the same manner. Have a metre 
rod fixed in position, at one time so as to measure the dis- 
tance A -4", at another time the distance JB -B", etc. 

Apparatus : — Balls (billiard) ; Metre Rod. 

H. U. Elem., 20. 

74 A. Find the mass of a lead bullet by the method of 
oscillations (% 154). Read f 155. 

Apparatus: — Clock, Spiral Spring Apparatus; Weights 
(eg) and lead bullet. H. U. Elem., 18. 



FORCE AND ELASTICITY. 

75 A. Find the weight in kilograms of a 28-lb. weight, 
(T 159, 1) ; a 56-lb. weight (^% 159, 2 and 159, 3), and a 
4-lb. weight (f 159, 4), using a lever and 1 or 2 spring bal- 
ances of 10 kilos capacity. 

Apparatus : — Balances (spring, 10 k.) ; Lever ; Weights 
(safety-valve) with cords. H. U. Elem., 14. 

76 A. Find with 1 or 2 spring balances of 10 kilograms 
capacity and a system of cords, the weight in kilograms of a 
4-lb. weight (ir 159, 5), and of a 56-lb. weight (% 159, 6)- 
Read § 105. 

Apparatus : — Balances (spring 10 A?.) ; Weights (safety 
valve) with cords. H. U. Elem., 12. 
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77 A. Find the weight of a board, as in f f 160 and 161. 
Read § 112. 

Apparatus : — Plank (1 X 6 ft.) ; Pendulum (simple) ; 
Triangular supports ; Weights (safety valve). 

H. U. Elem., 17. 

78 A. Find the stiffness of 5 beams by bending them 
(1[162). Read §115. 

Apparatus : — Beam (steel) Micrometer ; Triangular sup- 
ports ; Weights {kg). H. U. Elem., 3. 

79 A. Find the (torsional) stiffness of 2 or more rods by 
twisting them (f 164). Read §§ 13, 1 13 and 116. 

Apparatus : — Balance (spring, 10 k,) and Torsion Ap- 
paratus. H. U. Elem., 4. 

80 A. Find the coefficient of torsion of wire by a tor- 
sion balance (f 165). Review § 116. 

Apparatus : — Gauge (micrometer) ; Metre Rod ; Torsion 
Balance ; Torsion Head ; Weights {eg), 

H. U. Elem., 15. 

81 A. Find Young's Modulus of Elasticity for a wire 
(IT 167). Read § 114. 

Apparatus : — Gauge (micrometer) ; Micrometer (elec- 
tric) ; Tape measure ; Weights {kg) ; Young's Modulus 
Apparatus. H. U. Elem., 2 (Adv., 54). 

82 A. Find the breaking strength of several wires (first 
paragraph, IT 168). Weigh a known length of the wire, and 
calculate what length would break under its own weight. 
Read IT 168. 

Apparatus: — Balance (spring, 10 A:.) ; Bobbins and 
Wires. H.'U. Elem., 1. 

83 A. Find the surface tension of water by means of the 
capillary tube of No. 16 A (1 169, 11.). Read f 170. 

Apparatus : — Beaker; Capillary Tube ; Metre Rod ; Ther- 
mometer. H. U. Adv., 55, II. 
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84 A. Find by two methods the coefficient of friction of 
wood on wood (T 171, L, XL). Review § 105. 

Apparatus : — Balance (spring, 10 k,) ; Board and Flank ; 
Weights (kg). H. D. Elem., 13. 

85 A. Find the efficiency of a pulley (1) for raising heavy 
weights and (2) for multiplying motion (IT 173). Bead 
§§ 14 and 117. 

Apparatus : — Balance (spring, 10 k.); Metre Rod ; Tackle; 
Weights (safety-valve). H. U. Elem., 21. 

86 A. Find the efficiency of a Water Motor (1 174). 
Read 1 175, also §§ 15, 118. 

Apparatus : — Balance (rough) ; Clock ; 2 Spring Bal- 
ances ; Jar ; Tape Measure ; Water Motor (with pressure 
gauge) weights {kg). H. U., omit. 

87 A. Find (roughly) the mechanical equivalent of heat 
by means of lead shot (IT 177, first paragraph). Read 
11 176 and 178. 

Apparatus : — Paste-board Tube (with corks) ; Thermome- 
ter, and some Lead Shot. H. U. Adv., 65. 
Review Chap. VIIL, as far as § 119. Read §§ 119-122. 



MAGNETISM. 

88 A. Find the distance between the poles of a magnet 
by means of iron-filings, and confirm by a small compass- 
needle (1 179). Read §§ 126 and 127. 

Apparatus: — Compass (vibrating); Magnet (compound); 
Iron Filings ; Photographic paper and pencil. 

H. U. Elem., 40. 

89 A. Find the attraction and repulsion between two 
parallel magnets at a given distance (1 180). Estimate the 
strength of the poles (1 181). Read §§ 17 and 129. 
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Apparatus : — Balance (a) ; 2 Blocks (cw. cm,) ; Gauge 
(vernier) ; 3 Magnets (compound) ; Weights {eg), 

H. U., Extra. 

Note. In this and in following experiments, the distance 
between the poles of the (short) compound magnets may be 
called equal to ^^ the length of the magnet (see H 179). 

90 A. Find the couple exerted by the Earth's Magnetism 
upon magnets by means of torsion (IT 182). Estimate " H." 
Read § 128. 

Apparatus : -^ 3 Magnets (compound) ; Torsion Head and 
Wire tested in No. 80, A. ; Wax, and Pins to serve as sights. 

H. U. Adv., 68, I. 

91 A. Find the deflection of a compass-needle due to 
a magnet of known strength (from No. 89 A) at a given dis- 
tance (IT 183). Read IIT 184 and 185. Estimate « H." 
Calculate the true value of " H " from the estimates in Nos. 
90 A and 91 A. 

Apparatus : — Compass (surveying) ; 3 Magnets (com- 
pound) ; Metre Rod. H. U. Adv., 68, II. 

92 A. Find the distribution of magnetism on a magnet 
by the method of vibrations (IT 186). Plot a curve (Fig. 
205). Estimate the distance between the poles. 

Apparatus : — Clock ; Magnet (vibrating needle) ; Magnet 
(long-bar); Metre Rod; Test-tube. H. U. Adv., 66. 

93 A. Find the distribution of magnetism on a magnet by 
means of an induction coil (1 189). Plot the curve and es- 
timate the distance between the poles as in No. 92 A. Read 
§ 147, also irir 187 and 188. 

Apparatus : — Galvanometer (astatic) ; Helix (sliding) ; 
Magnet (long-bar) ; Metre Rod. H. U. Adv., 69. 

94 A. Find the magnetic dip by the Earth-Inductor (IT 192), 
and confirm by means of a dipping needle. Read HIT 190 
and 191. Review § 128. 
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Apparatus : — Earth-Inductor ; Galvanometer (astatic, 
loaded so as to answer for a ballistic galvanometer), and a 
Level. H. U. Adv., 70. 

ELECTRICAL CURRENT MEASURE, 
§§ 18, 19, 130, 131. 

95 A. Find the relative strength of battery currents from 
a 1-fluid cell under given conditions (IT 208, (1) to (8)). 
Read §§ 123, 124, and IT 207. Reduce results as in 1 209, 
and plot them as in Fig. 237. 

Apparatus : — Battery (1 Daniell) ; Compass (vibrating) ; 
Galvanometer. (The porous cup is to be removed from the 
Daniell cell.) H. U. Elem., 41. 

96 A. Find the deflections of a tangent compass at the 
centre of a coil of wire due to currents from a Daniell cell 
under the conditions of f 208 (9) to (12). Plot the results 
as in 95 A. Weigh the zinc and the copper before and after 
the experiment, and calculate the gain or loss of weight in 
each case. Read § 144. Review IT 209. 

Apparatus : — Balance (b) ; Battery (1 Daniell) ; Compass 
(surveying); Galvanometer; Weights (ff), 

H. U. Elem., 42. 

97 A. Find the constant and reduction factor of a Single- 
Ring Tangent Galvanometer (11 198, 199, formulae (5) 
and (6)). Read §§ 18, 19, 132 and 183. 

Apparatus :— Battery (6 Daniell); Galvanometer (S. R.), 
and connecting wire. H. U. Adv., 71, I. 

98 A. Find the reduction factor of a Double-Ring Galvan- 
ometer by the method of comparison (f 201). Read f 200. 

Apparatus : — Battery (2 Daniell) ; 2 Commutators ; 2 
Galvanometers (S. R. and D. R.), and connecting wire. 

H. U. Adv., 73. 
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99 A. Find the reduction factor of an Astatic Galvan- 
ometer by the method of comparison (If 201), as follows: 
Connect the astatic galvanometer in series with a rheostat 
of several thousand ohms resistance, a tangent galvanometer, 
and a battery. Arrange a shunt of about 1 ohm resistance 
so as to cut out the rheostat and astatic galvanometer. 
Change the resistances of the shunt and rheostat so that both 
galvanometers may give measurable deflections (e. g. 45°. 
Bead § 38). Note what plugs are removed from the rheostat, 
also the length, diameter, and material of the shunt. Calcu- 
late the reduction factor of the combination as in the last 
experiment (No. 98 A). 

Apparatus : ^- Battery (1 Daniell) ; 2 Galvanometers (as- 
tatic and D. R.) ; Gauge (micrometer) ; Metre Rod ; Resist- 
ance Box; 1 Metre of German silver wire (about No. 25 
B. w. G.). H. U. Adv., 86. 

Note. If iJ, G, and 8 are the respective resistances of 
the Rheostat, Galvanometer, and Shunt, and if /is the re- 
duction factor of the combination, the reduction factor {%) of 
the astatic galvanometer alone is — 

The Galvanometers should be marked and the shunt laid aside 
for Exps. No. 101 A and 108 A, respectively ; or the whole 
experiment (No. 99 A) may be deferred until O and S have 
been determined. 

100 A. Find the reduction factor of a Dynamometer by 
comparison with a Single- Ring Galvanometer (IT 204). Read 
11202, § 131. 

Let C be the current in amperes indicated by the galvan- 
ometer, and a the angle of torsion in the dynamometer ; then 
we find the reduction factor D by the formula — 

V a 
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Apparatus : — Battery (3 Bunsen or 6 Daniell) ; 2 Com- 
mutators; Dynamometer; Galvanometer (S. R.), and con- 
necting wires. H. U. Adv., 98, I. 

101 A. Find by measurement the reduction factor of a 
Dynamometer (IT 203). Read §§ 134 and 135. 

Use the formula 

i>=10|/^. 
Calculate the current C in No. 100 A by the formula 

then find 7 and J2; as in IT 204. 

Apparatus : — Dynamometer ; Gauge (vernier, long) ; Tor- 
sion Balance, and Weights (eg), H. U. Adv., 98, II. 

102 A. Find the reduction factor of a galvanometer by 
the electro-chemical method (IT 205). Calculate ** H " 
(IT 206). Read §§ 142 and 143. 

Apparatus : — Balance (a) ; Battery (Daniell) ; Clock ; 
Commutator ; Galvanometer (S. R.) ; Weights (eg) and a 
spiral of copper wire. H. U. Adv., 71, II. 

Review Chapter IX., omitting § 124. 



ELECTRICAL RESISTANCE. 

103 A. Find the electrical resistance of a coil of wire by 
the method of heating (ITIT 212, 213). Read §§ 20, 136, 
and 137. 

Apparatus : — Balance (ft) ; Battery (2 Bunsen) ; Cal- 
orimeter ; Resistance-Coil ; Stirrer ; Thermometer ; Weights 
(^). H. U. Adv., 78. 

104 A. Find the length of copper wire about J mm. in 
diameter (No. 31 b. w. g.), which can be substituted for a 
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l-ohm coil ( C?) in the circuit of a Daniell cell (B) and gal- 
vanometer ( (?) — see Fig. 243, page 476 — without chang- 
ing the deflection. Repeat with a double wire, with a Ger- 
man silver wire of the same diameter, and with one of twice 
the diameter, or 4 times the cross section (about No. 25 b. 
w. G.). Read IT 218, also § 140. 

Apparatus : — Battery (1 Daniell) ; Compass (surveying) ; 
Galvanometer ; Resistance-Coil (1 ohm) ; and wires as stated. 

H. U. Elem., 44 (Adv., 76). 

105 A. Find the (external) resistance of a circuit, as fol- 
lows : First, note the deflection of the galvanometer due to 
each one of two equal cells, then join the cells in series (Fig. 
20, § 146), and include German silver wire enough in the 
circuit to give the same (average) deflection as before. 

Apparatus : — Battery (2 Daniell) ; Compass (surveying) ; 
Galvanometer with German silver wire. 

H. U. Elem., 45, I. (Adv. 77, I.). 

Proof. Since the electromotive force is doubled (§ 146) 
and the current is the same, the total resistance must be 
doubled. Now the internal resistance (§ 140) is doubled, 
hence the external resistance must also be doubled. The 
resistance added is accordingly equal to the original external 
resistance. 

106 A. Find the electrical resistance of a conductor by 
means of a differential galvanometer (IT 216). 

Apparatus : — Battery (1 Daniell) ; a Galvanometer 
(astatic with differential connections) ; the Helix of No. 93 A ; 
a Key ; and a Resistance-Box. H. U. Adv., 85. 

107 A. Find gross errors (if any) in a resistance-box by 
means of a Wheatstone's Bridge (IT 217). Use as a (rough) 
standard of comparison the resistance-coil tested in No. 1 03 A. 
Select a resistance-box in which no gross errors are discov- 
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ered, and assume in future that the resistances are accurate. 
Bead §§ 42 and 141. 

Apparatus: — B. A. Bridge; Battery (1 Daniell) ; GW- 
vanometer (astatic) ; Resistance-Box and Besistance-Coil. 

H. U. Adv., 81. 

108 A. Find by Wheatstone's Bridge the resistance of 
the shunt used in No. 99 A, ^ 217, and calculate the specific 
resistance of the material of which it is made (IT 218). Bead 
1219. 

Apparatus : — A B. A. Bridge ; Battery (1 Daniell) ; 

Galvanometer (astatic) ; and Shunt 

H. U. Adv., 82. 

109 A. Find the resistance of a galvanometer by Thom- 
son's method (1 220). Read f 221. 

Apparatus : — Same as in Exp. 108 A, plus a magnet. 

H. U. Adv., 90. 

110 A. Find the Resistance of a battery by Mance's 
method (1 222). Read IT 222 a. 

Apparatus : — A B. A. Bridge ; a Battery (1 Daniell) ; 
a Galvanometer (astatic) ; a Key ; a Magnet (compound 
small) ; and a Resistance-Box. H. U. Adv., 89. 

111 A. Find the mean resistance of a Daniell cell as 
follows : Note the deflection of each of two cells as in 105 A, 
and join them in multiple arc (Fig. 19, § 146). Include in 
the circuit enough German silver wire to give the same aver- 
age deflection as before. Calculate the resistance of this 
wire, and multiply it by 2 to find the resistance sought.* 

Proof. Since the current and electromotive force are 
unchanged (§ 146) the total resistance is unchanged (§ 138). 
The resistance added is therefore equal to the decrease in the 

* It is not necessary to cat the wires in 106 A and 111 A. A 
greater or less length may be indaded between two clamps, as in 
IT 237. The wires should be kept straight, as in Fig. 249, page 486. 
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battery resistance caused bj arranging the cells in multiple 
arc. Now this is half the resistance of a simple cell^ there- 
fore, etc. 

Apparatus : — Battery (2 Daniell) ; Compass (surveying) ; 
Gralvanometer^ clamps and wire, 

H. U. Elem. 45, II. (Adv. 77, 11.) . 

112 A. Find the resistance of a battery by Ohm's method 
(ir225). Read §138. 

Apparatus : — A Battery (1 Daniell) ; Galvanometer 
(S. R.) and Resistance-Box. H. U. Adv., 75. 

Note. The battery cell should be marked so that it can 
be identified later on. 

113 A. Find the resistance of a battery by Thomson's 
method as follows: Connect a Daniell cell (B, Fig. 253, page 
499) with an astatic galvanometer (^G), through a resist- 
ance box (7?), with enough plugs removed to reduce the de- 
flection of the galvanometer to about 45°. Now connect the 
poles of the battery with a shunt {S) (of about 1 ohm's re- 
sistance), and find what resistance (r) in the galvanometer 
circuit will give the same deflection as before. Calling the 
respective resistances of the Resistance-Box, Galvanometer 
and Shunt, i?, G and Sy we find the battery resistance by the 

formula 

R—r 



B=S 



r+G 



Apparatus: — Battery (1 Daniell); Galvanometer (astatic) ; 
Resistance-Box ; Shunt. H. U. Adv., 88. 

114 A. Find the resistance of a battery by Beetz' 
method (IT 229). Read ITir 226-228. 

Apparatus : — 2 Batteries (2 Daniell, 1 Leclanch6) ; Gal- 
vanometer (astatic) ; 2 Keys ; Resistance-Box. 

H. U. Adv., 91. 
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ELECTROMOTIVE FORCE (Read § 139). 

115 A. Find the electromotive force of a battery by the 

method of opposition (IT 230 (7)). Use 5 or 6 Daniell cells 

and 3 Bmisen cells in series, with an astatic galvanometer 

and resistance-box. Estimate the electromotive force of the 

Daniell cells from that of the single cells tested in No. 112 A. 

(See f 230 (2)). From this find that of the Bunsen cells. 

Read § 21 and § 145. 

Apparatus : — Named above. 

H. U. Adv. 93. 

Note. If no number of Bunsen cells can be made to bal- 
ance (approximately) any whole number of Daniell cells, 
notice the defiection of the galvanometer (which should be 
small) in two cases, and use the method of interpolation 
(§ 41). 

116 A Find the electromotive force of a Bunsen cell by 
Wiedemann's method (IT 231). 

Apparatus : — 2 Batteries (1 Bunsen, 2 Daniell) ; Gal- 
vanometer (S. R. or D. R.). H. U. Adv., 95. 

117 A. Find corrections for a Volt Meter (H 231). Plot 
the results (Fig. 260). Read § 139. 

Apparatus : — B. A. Bridge ; Battery (2 Daniell) ; Gal- 
vanometer (astatic with extra slides) ; Resistance-Box. 

H. U. Adv., 92. 

118 A. Find the electromotive force of a Bunsen and a 
Leclanch^ cell by a volt-meter (IT 235). 

Apparatus : — Batteries (1 Bunsen, 1 Ledanch^, &c.) ; 
Galvanometer (a8ta,tic); Resistance-Box. 

H. U. Adv., 74. 
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119 A. Find the electromotive force of a Daniell cell by 
Poggendorff's absolute method (IT 237). 

Apparatus : — 2 Batteries (1 Daniell, 1 or 2 Bunsen) ; 
2 Galvanometers (astatic and S. R. or D. R.) ; Resistance- 
Coil. H. U., Extra. 

120 A. Find the efficiency of an electric motor (T 238, 1). 

Apparatus : — 2 Balances (spring) ; Battery (2 or 3 Bun- 
sen) ; Clock ; 2 Galvanometers (astatic and S. R. or D. R.) ; 
Motor (electric, small) ; Revolution Counter ; Resistance-Box. 

H. U., omit. 
Review Chap. X. 
Review Chap. 1-IIL 
General Review. 

The list of experiments given above covers the ground of 
42 of the Harvard elementary experiments, viz. : Nos. 1-4 ; 
6-32 ; 34-42, and 44-45. It covers also the ground of 64 
advanced experiments, viz.: Nos. 1-4; 7-18; 24-27; 29; 
32 ; 85 ; 41-42 ; 45-46; 51-58 ; 60 ; 62-66 ; 68-71 ; 73-78 ; 
81-82 ; 85-86 ; 89-90 ; 91-93 ; 95, and 98-99. 

Two of the elementary experiments have practically been 
counted double, so that the real equivalent is 40 elementary 
experiments. To replace 11 of the advanced experiments 
anticipated by the elementary course, viz. : Nos. 17, 32, 41, 
45, 46, 54, 56, 62, 63, 76, and 77, eleven extra experiments are 
suggested, namely, Nos. 9 A, 11 A, 23 A, 27 A, 33 A, 39 A, 
59 A, 63 A, 68 A, 70 A, and 119 A. The exact correspon- 
dence of the regular experiments is shown in the schedule 
below. [The brackets indicate repetition.] 
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Elementabt Course. 



Harvard 

Elem. 

No. 


First List 
Na 


Harvard 
Elem. 
No. 


First List 
No. 


Harvard 

Elem. 

No. 


First List 
No. 


1 


82 A 


17 


77 A 


83 


Omitted 


2 


81 A 


18 


74 A 


34 


49 A 


3 


78 A 


19 


72 A 


35 


53 A 


4 


- 79 A 


20 


73 A 


36 


60 A 


5 


Omitted 


21 


85 A 


37 


[62A]&54A 


6 


28 A 


22 


37A&88A 


38 


51 A 


7 


1A&2A 


23 


31 A 


39 


[54 A] 


8 


) ( 6 A, 7 A 
J 1&4A 


24 


35 A 


40 


88 A 


9 


25 


29 A 


41 


95 A 


10 


3A[21A&32A] 


26 


30 A 


42 


96 A 


11 


10 A 


27 


42 A 


43 


Omitted 


12 


76 A 


28 


44A 


44 


104 A 


13 


84 A 


29 


45 A 


45 


105 A & 111 A 


14 


75 A 


30 


69 A 


46 


Omitted 


15 


80 A [79 A 

[79 A 


31 


62 A 






16 


32 


60A 







Advanced Course. 



Harvard 
Adv. 
No. 


First List 
No. 


Harvard 
Adv. 
No. 


First List 
No. 


Harvard 
Adv. 
No. 


First List 
No. 


1 


5A 


35 


55 A & 56 A 


71 


97 A & 102 A 


2 


24A 


41 


[53 A] 


73 


98 A 


3 


25 A 


42 


52 A 


74 


118 A 


4 


26A 


45 


[51 A] 
[51 A] 


75 


112 A 


7 


12 A 


46 


76 


[104 A 
[105 A & 111 A 


8 


13 A 


50 


57 A 


77 


9 


8A 


52 


58A 


78 


103 A 


10 


14 A 


53 


32 A 


81 


107 A 


11 


16 A 


54 


[81 A] 


82 


108 A 


12 


15 A 


55 


83 A & 19 A 


85 


106 A 


13 


20A 


56 


'VI 


86 


99A 


14 


22 A 


57 


88 


113 A 


15 


21 A 


58 


34 A 


89 


110 A 


16 


17 A & 18 A 


60 


40 A 


90 


109 A 


17 


[72 Al - 


62 


[42 A] 
[44 A] 


91 


114 A 


18 


71^ 


63 


92 


117 A 


24 


64 A 


64 


43 A 


93 


115 A 


25 


66 A 


65 


87 A 


95 


116 A 


26 


61 A 


66 


92A 


98 


100 A & 101 A 


27 


67 A 


68 


90 A & 91 A 


99 


48 A 


29 


65 A 


69 


93 A 






32 


[49 A] 


70 


94A 







31 
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APPENDIX VII. 

SECOND LIST OP EXPERIMENTS IN PHYSICAL MEAS- 
UREMENT INTENDED TO COVER THE GROUND 
REQUIRED FOR ADMISSION IN ELEMENTARY 
PHYSICS TO HARVARD COLLEGE. 

Note. The experiments in this list are designated by the 
letter B. The abbreviations are the same as in the first list 
(see Appendix VL, page 1035). 

1 B. Find the length, breadth, and thickness in cm, of a 
block of wood by several measurements of each of its dimen- 
sions (IT 3). Read §§ 1, 2 and 5. Calculate the volume in 
cu, cm, by multiplying the length, breadth, and thickness 
together. 

Apparatus : — Block (wooden solid), and a Gauge (vernier). 

H. U. Elem., 7. 1. 

2 B. Find the weight in grams of the block used in 1 B., 
as in IT 2. Read §§ 6 and 9. Calculate as in ^ 1 the density 
of the block. 

Apparatus : — Balance {b) ; Block (wooden solid) ; 
Weights {g). H. U. Elem., 7, II. 

3 B. Find the density of water, or better that of a saline 
solution of unknown strength, by loading a block of wood 
until it floats or sinks, indifferently (foot-note, page 2), then 
finding as in 1 B and 2 B the volume, weight, and density 
of the block. The latter is equal to the density sought. 
Read § 64. 

Apparatus : — Balance ; Block (hollow) ; Gauge (vernier) ; 
Weights {g) ; Lead shot and (salt) water. 

H. U. Elem., 10, II. 
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4 B. Find the specific gravity of a block of wood by flota- 
tion in water. Mark the water-line in pencil at each corner, 
and calculate, as in 4 A, the specific gravity of the block. 
Read §§ 3 and 69. 

Apparatus : — Block (wooden, solid) ; a Metre Rod ; a 
pencil and water. H. U. Elem., 9, III. 

5 B.* Find the weight required to sink a Nicholson's hy- 
drometer to a given mark in water, at, below, and above the 
temperature of the room (f 1 6 and 7). Plot a curve as in 
Fig. 7, page 12. Read § 59. 

Apparatus : — Brush (camel's-hair) ; Nicholson's Hydrom- 
eter ; Thermometer and Weights {eg) ; Hot and cold water. 

H. U. Elem., omit. 

6 B.*. Find the weight in air of some steel bicycle balls, 
also that of a small wooden block, by Nicholson's Hydrometer 
(ITS). 

Apparatus : — Balls (steel) ; Block, (small wooden) ; 
Brush (camel's-hair) ; Nicholson's Hydrometer ; Thermom- 
eter and Weights {eg), 

H. U. Elem., 8, 1., 9 I. 

7 B.* Find the weight in water of objects used in 6 B 
(IT 10), and calculate their apparent specific gravity (§ 66). 

Apparatus same as in 6 B. 

H. U. Elem., 8 II., 9 11. 
See Note under 7 A. 

8 B. Find the (apparent) specific gravity of kerosene as 
follows: Weigh a bottle when empty, when filled with 
water, and when filled with kerosene. Calculate (by subtract- 
ing the weight of the empty bottle) the weights of water and 
of kerosene required to fill the bottle. Divide the weight of 

* Experiments 5 B, 6 B, and 7 B, may be performed with a Jolly 
(spring) balance instead of Nicholson's Hydrometer. 
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kerosene by the weight of water to find the specific gravity 
in question. 

Apparatus : — Balance (b) ; Specific Gravity Flask, kero- 
sene and water. (More exact methods are considered in 
Exps. XI. and XIV.) H. U. Elem. 10, L 

9 B. Find the (apparent) specific gravity of kerosene by 
the 1st method of balancing columns (1 42, page 63). Read 
the 1st and last paragraphs of 1 43, also §§ 62 and 63. Use 
formula, page 66. 

Apparatus: — Metre Bod and C^tube, with glass tubes 
and rubber couplings. H. U. Elem., 10, III. 

10 B. Find the (apparent) specific gravity of glycerine by 
the 2d method of balancing columns (IT 42, page 64). Read- 
ings and calculation the same as in 9 B. 

Apparatus : — Metre Rod, Stop-cock and Z-tube, with glass 
tubes and rubber couplings. H. U. Elem., 10, IV. 

11 B. Find the readings of a densimeter in glycerine, 
water, and kerosene, and plot curve of corrections as in Exp. 
XV. (fir 39, 40, and 41). 

Apparatus : — A Densimeter with jars containing glyce- 
rine, water, and kerosene. 

H. U.- Elem., omit. 

12 B. Find the density of three saline solutions by means 
of a densimeter, applying corrections found in 1 1 B. (Exp. 
XV., irir 39, 40, and 41.) 

Apparatus: — A Densimeter with 3 jars, containing differ- 
ent saline solutions. 

H. U. Elem., omit 

13 B. Find roughly the density of air (as in Exp. XVI.) 
(ITIT 44 and 45). Calculate the degree of exhaustion. 

Apparatus: — Balance (ft); Pump (Richards) ; Rubber 
Stopper (1 hole) ; Specific Gravity Flask ; Stopcock ; Ther- 
mometer ; Weights (g), 

H. U. Elem., 11. 
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14 B. Find the density of some coal-gas, as in Exp. 
XVlir. (IT 46). Read §§ 70 and 81. See Tables 18, 
d and e. 

Apparatus : — Balance (b) ; Rubber Stopper ; Specific 
Gravity Flask ; Thermometer ; Weights (b) and coal gas. 

H. U. Elem., Extra. 

15 B. Find the temperature of the air (IT 15), and the 
dew-point (1 16). Read IT 17. Obtain the relative humid- 
ity (Table 14 A), and the pressure of aqueous vapor 
(Table 15). 

Apparatus: — Cup (nickel-plated), and Thermometer, 
with ice and salt H. U. Elem., 22, 11. 

16 B. Find the maximum pressure of aqueous vapor at 
about 40° (1[ 81). 

Apparatus : — Balance (b) ; Rubber Stopper ; Specific 
Gravity Flask ; Thermometer ; Weights (g) , and hot water. 

H. U. Elem., 22, I. 

17 B. Find the maximum pressure of ether vapor at about 
20° by the second method suggested in IT 80. 

Apparatus : — Medicine Dropper, Rubber Stopper (2 
holes) ; Specific Gravity Flask ; Thermometer, glass tubes, 
ether, and mercury. H. U. Elem., omit 

18 B. Find the barometer pressure as in the first para- 
graph of IT 13, testing as in the first paragraph of IT 14, 
then find the pressure of ether vapor by the first method 
suggested in f 80. Read f 80. 

Apparatus : — Barometer (aneroid) ; Barometer Tube ; 
Medicine Dropper ; Thermometer, glass tubes, and mercury. 

H. IT. Elem., omit. 

19 B. Find readings of a manometer under two or more 
different pressures (f 78). Read f 77, and §§ 77, 78, and 
79. 

Apparatus: — Air Thermometer and Manometric Appara- 
tus, with mercury. H. U. Elem., 6. 
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20 B. Find the mercurial pressure required to keep air 
in manometer from expanding when heated from 0^ to 100^ 
(f 76, as far as line 17, page 130). Read §§ 74, 75 and 76 ; 
also IT 76. Calculate e by formula, page 131. 

Apparatus : — Air Thermometer ; Manometric Apparatus ; 
Steam Boiler ; Steam Jacket ; Thermometer. 

H. U. Elem., 25. 
"21 B. Find the fixed points of an air-thermometer (first 
paragraph, 1 73). Read § 80 and IT 74. Calculate e by 
formula X., page 126. 

Apparatus : — Air Thermometer ; Steam Boiler ; Steam 
Jacket ; Thermometer. H. U. Elem., 26. 

22 B. Find the fixed points of a mercurial thermometer 
(IT 69), estimating tenths of a degree (see Fig. 52, f 68). 
Read §§4 and 26 ; also first paragraph of ^ 70. Refer to 
Table 14. Calculate corrections for the thermometer at 0° 
and 100°. 

Apparatus : — Barometer (aneroid) ; Steam Boiler ; Ther- 
mometer ; and ice. H. U. Elem., 23. 

23 B. Find the coefficient of linear expansion of a brass 
rod from about 20° to 100° (f 57). Read §§ 82 and 83. 

Apparatus : — Brass Rod ; Micrometer Frame ; Steam 
Boiler ; Steam Jacket ; Thermometer. H. U. Elem., 24. 

24 B. Find the specific heat of lead shot (1 94, 1.). Read 
§§ 84, 85, 86 and 90. Use Formula VII., page 194. 

Apparatus : — Balance {h) ; Bottle (ice water) ; Calorime- 
ter ; Thermometer ; Weights (^), shot, ice, and water. 

H. U. Elem., 27. 

25 B. Find the latent heat of liquefaction of water, as in 
44 A (First List of Experiments). Read f 102, also §§ 87 
and 9l. 

Apparatus : — Balance (J) ; Shot-heater ; Stirrer ; Ther- 
mometer; Weights (^), ice, and warm water. 

H. U. Elem., 28. 



SECOND LIST OF EXPERIMENTS. 1071 

26 B. Fiud the latent heat of vaporization of water essen- 
tially as in IT 1 03, but find the temperature of the water by 
a single observation before pouring it into the calorimeter, 
and cut off the steam when the water readies the teoiperature 
of the room (see note under 44 A) . Bead § 88. Calculate the 
result by the formula of IT 104, neglecting c. Read 1 104. 

Apparatus : — Balance {h) ; Steam Boiler ; Steam Trap ; 
Stirrer; Thermometer; Weights {g). H. U. Elem., 29. 

27 B. Find the candle-power of a kerosene lamp by Bun- 
sen's photometer (1[ 114, 1.). Read § 94, If 109 and 113. 
Reduce the candle-power of the lamp to 8 grams per hour. 
Use formula and reasoning of IT 113. 

Apparatus : — Candle ; Kerosene Lamp ; Optical Bench ; 
and Photometer. H. U. Elem., 34. 

28 B. Find the relative intensities of the red, green, and 
violet rays reflected by a colored and by a white surface 
(1246). Read IT 115. 

Apparatus : — Colored Glasses ; Kerosene Lamp ; Optical 
Bench ; and Colored Paper. H. U. Elem., omit. 

29 B. Find the principal focal length of a lens by two 
different methods (1 116, (1) (2)). Read § 103. 

Apparatus : — Chimney (perforated) ; Kerosene Lamp ; 
Lens (magnifying) ; Optical Bench. H. U. Elem., 36. 

30 B. Find the equivalent focal length of a compound 
lens, as in 51 A (First List of Experiments). Calculate the 
focal length {F) of the compound lens from that {F^ of 
the lens in 29 B, by the formula (see 51 A) — 

F=F^y.^. 

Read first two paragraphs of § 104. See Harvard List of 
advanced Physical Experiments, No. 45. 

Apparatus : — Candle ; Kerosene Lamp ; 2 Lenses (doub- 
let and magnifying) ; Metre Rod ; Optical Bench. 

H. U. Elem., 38. 
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31 B. Find several conjugate focal lengths of a lens 
(IF 117, (1) (2), and, (3)). Note the size of the images 
(see § 104). Calculate the principal focal lengths of the 
lens. Use formula page 238. 

Apparatus : — Chimney (perforated) ; Kerosene Lamp ; 
Lens (magnifying) ; Metre Rod ; Optical Bench. 

H. U. Elem., 37, L 

32 B. Find the virtual foci of several (nearly) plane 
mirrors (1[ 118). Tell which are convex and which concave, 
remembering that the virtual images of convex mirrors are 
nearer than the objects producing them. Head § 104 and 
% 118. 

Apparatus: — Mirror (small), and Optical Bench. 

H. U., Elem., 35. 

33 B. Find 3 virtual foci of a long-focus converging lens 
(IT 119, 1.). Calculate the principal focal length. 

Apparatus : — Lens (long-focus), and Optical Bench. 

H. U. Elem., 37, IL 

34 B. Find 3 virtual foci of a diverging lens (1[ 119, II.). 
Calculate the virtual principal focal length by the formula of 
1[119. 

Apparatus : — Lens (diverging), and Optical Bench. 

H. U. Elem., omit. 

35 B. Find the wave-length of sound from a tuning-fork 
in a rubber tube (131, 1.). Read § 100. 

Apparatus: — Metre Rod; Rubber Tube; Tuning-fork; 
r^tube. H. U. Elem., 32. 

36 B. Find the wave-length of sound from a tuning-fork 
in a resonance tube (IF 132). Read §§ 98 and 99. , Notice 
that the lengths of the tube responding to a given fork are 
nearly proportional to the odd integers 1, 3, 5, &c. 

Apparatus: — Resonance Tube, and Tuning-fork (A = 
220). H. U. Elem., Extra. 
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87 B. Find the pitch of a taning-fork by the graphical 
method (H 139). Read §§ 7 and 96. 

Apparatus: — Bow (violin) ; Clock; Smoked Glass Ap- 
paratus ; Tuning-fork (c = 64). H. U. Elem., 31. 

38 B. Find the velocity of sound (1[ 135 (1), (2), (3); 
1[ 136, first paragraph, 1 137, III.). Read f 138 and 1[ 135 
(4), also §§ 8, 10, 92, and 93. Use formula II., page 281. 

Apparatus : — Clock ; Signalling Apparatus, and Tape 
Measure. H. U. Elem., 30. 

39 B. Find the velocity of a bullet by a ballistic pendu- 
lum (IT 147, (7)) as in 70 A. (First List of Experiments). 
Calculate the velocity V of the pendulum by the formula — 

V=AB\/^ (see §109). 

and that (y) of the bullet by the formula — 

V = (^ + -^) F(6ee f 147 (7)). 
in 

Read §§ 106 and 109. 

Apparatus: — Clock, Metre Rod, and Pendulum (ballistic). 

H. U. Elem., omit. 

40 B. Find the velocity acquired by a falling body (IT 148). 
Read §§ 11, 107, and 108. 

Apparatus : — Clock ; Falling Bodies' Apparatus ; Metre 
Rod. H. U. Elem., omit. 

41 B. Find the length of a seconds, J seconds, and \ sec- 
onds pendulum (1[ 149). Tabulate results as on page 319. 
Read §§ 110, 111. 

Apparatus : — Clock ; Metre Rod ; Pendulum (simple). 

H. U. Elem., 19. 

42 B. Find the relative masses of two billiard balls sus- 
pended by cords as suggested on pages 312-313. See 73 A. 
(First List of Experiments). 

Apparatus : — Balls (billiard) ; Cords ; Metre Rod. 

H. U. Elem., 20. 
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43 B. Find the mass of a lead bullet by the method of 
oscillation (1 154). Read IT 155. 

Apparatus : — Clock ; Spiral Spring Apparatus ; Weights 
{eg) and lead bullet. 

H. U. Elem., 18. 

44 B. Find corrections for a spring balance (IT 158), and 
construct two tables (pages 339 and 340). 

Apparatus: — Balances (spring 10 ^.); Pulley; Weights 
(safety-valve). H. U. Elem., omit, 

45 B. Find the weight in kilograms of a 28 lb. weight 
(IT 159, 1) ; a 56 lb. weight (1 159, 2, and 1 159, 3) ; and 
a 4 lb. weight (IT 159, 4), using a lever and one or two spring 
balances of 10 kilos capacity. 

Apparatus : — Balances (spring, 10 k,) ; Lever ; Weights 
(safety-valve), with cords. H. U. Elem., 14. 

46 B. Find with 1 or 2 spring balances of 10 kilograms 
capacity and a system of cords, the weight in kilograms of 
a 4 lb. weight (f 159, 5) and of a 56 lb. weight (1 159, 6). 
Read § 105. 

Apparatus : — Balances (spring, 10 ^.) ; Weights (safety- 
valve), with cords. H. U. Elem., 12. 
• 47 B. Find the weight of a board as in HIT 160 and 161. 
Read § 112. 

Apparatus: — Board (loaded); Pendulum (simple); Tri- 
angular supports ; Weights (safety-valve) ; a pencil. 

H. U. Elem., 17. 

48 B. Find the stifPness of 5 beams by bending them 
(f 162). Read §§ 114 and 115. 

Apparatus : — Beam (steel) ; Micrometer ; Triangular sup- 
port; Weights (kg). H. TJ. Elem., 3. 

49 B. Find the (torsional) stiffness of two or more rods 
by twisting them (1 164). Read §§ 113 and 116. 

Apparatus: — Balances (spring, 10 A:.), and Torsion Ap- 
paratus. H. U. Elem., 4. 
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50 B. Find the (longitudinal) stiffness of a wire by stretch- 
ing it. Measure the force (f), the amount of stretching (e), 
the length of wire (/), and its weight (w). Take the den- 
sity (d) from Table 9. Calculate q by formula II., page 
861 ; then calculate Young's modulus as explained in 
f 166. • ^ 

Apparatus : — Balances (spring, 10 k.) ; Metre Rod ; fine 
steel wire. H. U. Elem., 2. 

51 B. Find the breaking strength of several wires (first 
paragraph, IT 168). Weigh a known length of the wire, and 
calculate the length which would break under its own weight 
Read f 168. 

Apparatus : — Balance (spring, 10 A:.) ; Bobbins and wires. 

H. U. Elem., 1. 

52 B. Find by two methods the coefficient of friction of 
wood on wood (IT 171, I. and IL). Review § 105. 

Apparatus: — Balance (spring, 10 k.) ; Board and plank ; 
Weights (kff). 

H. U. Elem., 13. 

53 B. Find the efliciency of a pulley (1) for raising heavy 
weights, and (2) for multiplying motion (IF 173). Read 
§ 117. 

Apparatus : — Balance (spring, 10 k.) ; Metre Rod ; Tackle ; 
Weights (safety-valve). H. U. Elem., 21. 

54 B. Find the poles of a magnet by means of iron filings, 
and confirm by a small compass needle (IT 179). Read 
§§ 126 and 127. 

Apparatus : -7- Compass (vibrating) ; Magnet (compound) 
Iron filings ; Photographic paper and pencil. 

H. U. Elem., 40. 

55 B. Find the magnetic dip by a dipping-needle (1 190). 
Read § 128. 

Apparatus : — Dipping needle. H. U. Elem., Extra. 
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56 B. Find the relative streDgth of battery currents from 
a 1-fluid cell under given conditions (% 208, (1), to (8)). 
Read §§ 123, 124, 130, and f 207. Reduce results as in 
% 209. 

Apparatus : — Battery (1 Daniell) ; Compass (vibrating) ; 
Galvanometer. (The porous cup is to be removed from the 
Daniell cell.) H. U. Elem., 41. 

57 B. Find the deflection of a tangent compass at the 
centre of a coil of wire due to currents from a Daniell cell 
under the conditions of IT 208, (9) to (12). Weigh the zinc 
and the copper before and after the experiment. Read 
§§ 143, 144. Review % 209. 

Apparatus : — Balance (b) ; Battery (1 Daniell) ; Com- 
pass (surveying) ; 6 Galvanometers ; Weights (gf). 

H. U. Elem. 42. 

58 B. Find the length of copper wire about I mm. in diam- 
eter (No. 31 B. w. G.), which can he substituted for a 1- 
ohm coil ((7) in the circuit of a Daniell cell (B) andgalvanom- 

' eter ((?), — see Fig. 243, page 476, — without changing the 
deflection. Repeat with a double wire, with a German sil- 
ver wire of the same diameter, and with one of twice the 
diameter or 4 times the cross-section (about No. 25 b. w. 6.). 
Read 1 218, also § 140. 

Apparatus : — Battery (1 Daniell) ; Compass (surveying) ; 
Galvanometer ; Resistance-Coil (1 ohm) ; and wires as stated."* 

H. U. Elem., 44. 

59 B. Find the (external) resistance of a circuit as follows : 
First, note the deflection of a galvanometer due to each one of 
two equal cells, then join the cells in series (Fig. 20, § 146), 
and include German silver wire enough in the circuit to give 
the same (average) deflection as before. Read § 138 and 
§ 146. Calculate the resistance of this wire. This is equal 
to the value sought For proof, see 105 A. 
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Apparatus : — Battery (2 Daniell) ; Compass (surveying) ; 
Galvanometer, with German silver wires.* 

H. U. Elem., 45 I. 

60 B. Find the resistance of a Daniell cell as follows: 
Note the deflection of each of two cells as in 59 B, and join 
them in multiple arc (Fig. 19, § 146). Include in the cir- 
cuit enough German silver wire, to give the same average 
deflection as before. Calculate the resistance of this wire, 
and multiply it by 2 to find the resistance sought For 
Proof, see 111 A. 

Apparatus : — Battery (2 Daniell) ; Compass (surveying) ; 
Galvanometer, with clamps and German silver wire.* 

H. U. Elem., 45 II. 

* It is not necessary to cut the wires in 58 B, 59 B, and 60 B. A 
greater or less length may be included between two clamps, as in 
^ 237. The wire should be kept straight, as in Fig. 249, page 486. 

REVIEW. 

Chapter I. (General Definitions), first 1 1 sections. 

Chapter V. (Hydrostatics), omitting §§ 67, 68, 71, 72, and 
73. 

Chapter VI. (Heat), omitting § 89 on cooling. 

Chapter VII. (Sound and Light), §§ 92, 93, 94, 96, 98, 99, 
100, 103, and 104. 

Chapter VIII. (Force and Work), as far as § 118. 

Chapter IX. (Electricity and Magnetism), §§ 123, 124, 126, 
127, 128, 130. 

Chapter X. (Electromotive Force, and Resistance), §§ 138, 
140, 143, 144, 146. 

The Second List of Experiments is intended to cover the 
ground of 40 Exercises in Elementary Physics required for 
admission to Harvard College, vt2. Nos. 1-4; 6-14; 17-32 ; 
34-38 ; 40-42 ; and 44-45. In most cases the correspond- 
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encG is exact ; other cases are designated in the table below 
by an asterisk (^). The course of reading recommended 
covers the principles of at least three additional exercises, 
and three extra experiments are suggested. The ground 
covered for examination is therefore about equivalent to the 
46 exercises of the Harvard elementary pamphlet. The 
laboratory work is divided into 50 experiments (assuming 
that 10 of the 60 are omitted as indicated). As these experi- 
ments all involve measurements, they ai'e on the average 
fully as difficult as those recommended by the Harvard pam- 
phlet. This course would be offered only by students who 
are ambitious to learn more about physical measurement than 
is thought desirable to require of all candidates for admission 
to Harvard College in elementary physics. 

The exact correspondence of the second list of experiments 
with the *' Descriptive List of Elementary Physical Experi- 
ments " published by Harvard University, October, 1889, is 
shown by the table below. 



Harvard Elem., 


Second List, 


No. 


No. 


1 


61 B. 


2 


60 B. 


3 


48 B. 


4 


49 B. 


6 


[§§ 62-63] 


6 


19 B. . 


71, 


IB. 


711. 


2B. 


8 I. & II. \ 


(6B. 
JTB. 


9 I. & 11. ( 


9 III. 


4B. 


101. 


8B. 


10 II. 


3B. 


10 III. 


9B. 


10 IV. 


10 B. 


11 


13 B. 


Extra 


14 B. 


12 


46 B. 


13 


62 B. 



Harvard 
Elem., 
No. 



14 
15 
16 
17 
18 
19 
20 
21* 
221.* 
22 II. 
23 
24 
25 
26 
27 
28 
29 
30 
31 



Second List, 
No. 




45 B. 
[§ 113] 
[1164] 

47 B. 

43 B. 

41 B. 

42 B. 
63 B.* 
16 B.* 

15 B. 

22 B. 

23 B. 

20 B. 

21 B. 

24 B. 

25 B. 

26 B. 
38 B. 
37 B. 



32 
33 

Extra 

34 

86 

36 

371. 

37 II. 
38 
89 
40 

Extra 
41 
42 
43 
44 

45* 

46 



Second list, 
No. 



36 B. 

Omit 
86 B. 
27 B. 

32 B. 
29 B. 
31 B. 

33 B. 
SOB. 
Omit 

64 B. 

65 B. 

66 B. 

67 B. 
Omit 

68 B. 
69 B. & 
60 B.* 

Omit 



* Cases of only approximate correspondence (3 such cases in all). 
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ADVANCED PHYSICS. 

THIRD LIST OF EXPERIMENTS IN PHYSICAL MEAS- 
UREMENT INTENDED TO COVER THE GROUND 
REQUIRED FOR ADMISSION TO HARVARD COLLEGE 
IN ADVANCED PHYSICS. 

Note. The experiments in this list are designated by 
the letter C. The abbreviations are the same as in the first 
list (Appendix VI., page 1035). Before beginning the ex- 
periments the student should review those sections in 
Part III., already mentioned (see Appendix VII., page 
1077), and should read in addition Chapters II. and IV., 
omitting §§51, 52, and 61 ; also §§ 48 and 49 of Chapter III. 

1 C. Find the sensitiveness of a balance with loads of 0, 
20, 50, and 100 grams in each pan, (HI 20, 21). Plot the 
results (Fig. 16). Read 1[ 22. Review §§ 26, 30, 59. 

Apparatus : — Balance (a) ; Weights {eg), 

H. U. Adv., 9. 

2 C. Find the ratio of the arms of a balance (IT 23). Re- 
peat two or three times. Reduce as in IF 24. Read § 46. 
Estimate probable error (§ 50). 

Apparatus: — Balance (a) ; Weights {eg). 

H. U., Extra. 

3 C. Find a correction for the reading of a barodeik 
(f 18), by means of a hygrodeik (IT 15) and an aneroid 
barometer. Use Tables 19, 20. Read § 71. 
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Apparatus : — Balance (a) ; Barodeik ; Barometer (ane- 
roid); Hygrodeik; Thermometer; Weights {eg,). 

H. U. Adv., 7. 

4 C. Find the weight of a glass ball in air by a double 
weighing (IT 28). Weigh also a piece of cork coated with 
varnish. Bead §§ 35, 44, 67, and 72. Reduce the resulte 
to vacuo. 

Apparatus : — Balance (a) ; Ball (glass) ; Rings (small) ; 
Weights {eg). H. U. Adv., 8. 

5 C. Find the weight of a glass ball in water (IT 29). Re- 
view §§ 64, 65, 66, and 67. Read § 68. Calculate the vol- 
ume and density of the ball. • • 

Apparatus : — Arch (hydrostatic) ; Balance (a) ; Ball 
(glass) ; Beaker ; Brush (camel's-h^r) ; Stirrer ; Thermom- 
eter ; Weights {eg). Supplies : Wire and water. 

H. U. Adv., 10. 

6 C. Find the weight of the cork (in No. 4 C) in water 
by attaching a sinker to it, and weighing the sinker in water 
with and without the cork (1[ 29). Calculate the density of 
the cork. Review § 34. Consider what assumptions you 
have made in this and in other experiments with the hydro- 
static balance. Test the accuracy of one or more of these 
assumptions by reweighing the cork in air after weighing it 
in water. 

Apparatus : — Arch (hydrostatic) ; Balance (a) ; Beaker ; 
Brush (camel's-hair) ; Cork ; Sinker ; Weights {eg). Sup- 
plies : Wire and water. H. U. Adv., 12. 

7 C. Find the weight of a glass ball (of No. 5 C) in alco- 
hol at an observed temperature (IT 30). Calculate the den- 
sity of the alcohol (f 31). 

Apparatus : — Arch (hydrostatic) ; Balance (a) ; Ball 
(glass) ; Beaker ; Brush (camel's-hair) ; Stirrer ; Thermom- 
eter; Weights (c^). Supplies: Wire and alcohol. 

H. U. Adv., 11. 
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8 C. Find the capacity of a Specific Gravity Bottle 
(1 32). Read % 33. 

Apparatus : — Balance (a) ; Specific Gravity Bottle ; 
Stirrer ; Thermometer ; Weights (eg) ; Water. 

H. U. Adv., 13. 

9 C. Find the density of alcohol by the Specific Gravity 
Bottle, and calculate the strength of the alcohol (IF 38). Use 
Table 27. 

Apparatus : — Balance (a) ; Specific Gravity Bottle ; 
Stirrer ; Thermometer ; Weights {eg) ; Alcohol. 

H. U. Adv., 15. 

10 C. Find fehe volume of some steel balls by the Specific 
Gravity Bottle (1 34). Read 1[ 35 ; also § 38. Calculate 
the density of the balls. 

Apparatus : Balance (a) ; Balls (steel) ; Specific Gravity 
Bottle ; Stirrer ; Thermometer ; Weights (eg) ; Water. 

H. U. Adv., 14. 

11 C. Find the volume of some crystals of sulphate of 
copper by the use of alcohol (ITIT 36, 37), and calculate their 
density. 

Apparatus : — Balance (a) ; Specific Gravity Bottle ; 
Stirrer ; Thermometer ; Weights (eg). Supplies : Alcohol 
and crystallized sulphate of copper. 

H. IJ., omit. 

12 C. Find the correction for one reading of a vernier 
gauge (f 50 I.). Read f 47, but use Table 3 H. Read 
If 48 and 49, also §§ 37, 43, and 73. 

Apparatus : — Ball (glass) ; Gauge (vernier) ; Lens 
(magnifying). 

H. U. Adv., 2. 

13 C. Find the pitch of a screw (f 50, II.). 
Apparatus : — Balls (steel) ; Micrometer gauge. 

H. U. Adv., 3. 
32 
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14 C. Find the constants of a spherometer (%% 51 and 54). 
Apparatus : — Ball (glass) ; Plate Glass ; Spherometer. 

H. U. Adv., 4. 

15 C. Find the radii of curvature of 2 spherical surfaces 
(T55). Read 1[ 56. 

Apparatus : — Lens (magnifying) ; Spherometer. 

H. U., Extra. 

16 C. Find the capacity of a capillary tube by means of 
mercury. Seef 169, II., and % 170. Read § 39. 

Apparatus : — Balance (a) ; Capillary Tube ; Weights 
(eg) ; Mercury. H. U. Adv., 55, II. 

17 C. Find the fixed, middle, and quarter points of a mer- 
curial thermometer (ff 66, 67, 68, 69, and 70). Read 
§ 36, (3). 

Apparatus : — Beaker (for ice) ; Bunsen Burner ; Steam 
Boiler ; Thermometer. Supplies : Gas, ice and water (or 
steam). H. U. Adv., 56. 

18 C. Find the coefficient of expansion of water between 
about 20'* and 100° {% 59). Read f f 60 and 61. Review 
§§ 62 and 63. 

Apparatus : — Expansion Apparatus with accessories, sup- 
ply of water and steam. H. U. Adv., 53. 

19 C. Find the coefficient of expansion of alcohol from 
about 20° to 40° or 50° by the Specific Gravity Bottle (f f 62, 
63). Review §82. 

Apparatus : — Balance (a) ; Specific Gravity Bottle ; 
Stirrer; Thermometer; Weights (eg). Supplies: Alcohol 
and hot water. H. U., Extra. 

. 20 C. Find the coefficient of expansion of glass by the 
weight thermometer (f 240). Review § 83. 

Apparatus : — Balance (a) ; Bunsen Burner ; Steam 
Boiler ; Steam Jacket ; Thermometer (weight) ; Weights 
(eg). Supplies : Gas, ice, mercury, and water (or steam). 

H. U. Adv., 58. 
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21 C. Find the boiling point of one or more liquids, and 
the melting point of paraffine {%% 83, 84). 

Apparatus: — Stopper (1 hole); TesMube; Thermom- 
eter. Supplies : Hot water, paralfine, alcohol^ etc. 

H. U. Adv., 57. 

CALORIMETRY (Review §§ 84-91). 

22 C. Find the rate of cooling of a calorimeter {%% 85, 
87). Read t 86, also §§ 47, 89. 

Apparatus : — Calorimeter ; Clock ; Stirrer ; Thermom- 
eter. Supply of hot water. H. U., Extra. 

23 C. Find the thermal capacity of a calorimeter with 
thermometer and stirrer (f 90 (1) I ; T 91, 1). Read §§ 16. 
45 ; Review § 85. 

Apparatus : — Balance (b) ; Calorimeter ; Clock ; Stirrer ; 
Thermometer; Weights (^). Supply of hot water. 

H. U. Adv., 60. 

24 C. Find the thermal capacity of a thermometer of a 
stirrer, and of a calorimeter, as in (f 90, 2). Use formula III., 
T91. 

Apparatus : — A Balance (b) ; Calorimeter ; Measuring 
glass ; Stirrer ; Thermometer and water. 

H. U. Adv., 61. 

25 C. Find the specific heat of turpentine by the method 
of mixture (f 96, I.). Read f 95. Use formula VIIL, 
f 98. Review § 90. 

Apparatus : — Balance (b) ; Calorimeter; Stirrer; Ther- 
mometer ; Weights (g). Supplies : Turpentine cooled to 0°, 
and hot water. 

Note. Students who have not already determined the 
specific heat of lead shot should substitute this determina- 
tion {% 94, 1.). H. U. Adv., 62. 
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26 C. Find the specific heat of alcohol by the use of lead 
shot(1[96, IL). 

Apparatus : — Balance (h) ; Bunsen Burner ; Calorimeter ; 
Steam Shot-heater; Thermometer; Weights (g). Sup- 
plies: Gas^ alcohol (at 0^), water (or steam) and lead shot. 

H. U., omit, 

27 C. Find the specific heat of alcohol or turpentine by 
an electrical method in 43 A. (First List of Experiments, 
see Appendix VI.) 

Apparatus : — Balance (b) ; Battery (2 Bunsens) ; 2 Calo- 
rimeters ; 2 Resistance-coils ; 2 Stirrers ; 2 Thermometers ; 
Weights (g). JSupplies : Alcohol and water, connecting 
wires. H. U. Adv., 64. 

Review Exp. 25 B (H. U. Elem., 28 = H. U. Adv., 63). 

28 C. Find the heat of combination of zinc and nitric acid 
(IT 105, I., and ^ 106). 

Apparatus : — Balance (a) ; Calorimeter with glass lining ; 
Clock; Stirrer; Thermometer; Weights (eg). Supplies: 
Zinc filings and dilute nitric acid. H. U., omit, 

29 C. Find the heat of combination of zinc oxide and 
nitric acid (IT 105, II., and f 106). 

Apparatus : — Balance (a) ; Calorimeter with glass lining ; 
Clock ; Stirrer ; Thermometer ; Weights (eg). Supplies : 
Zinc oxide and dilute nitric acid. H. U., omit, 

RADIANT HEAT (Review §§ 93,94; Read § 95). 

30 C. Find the candle-heat-power of a kerosene lamp 
(1[ 111), and calculate that of a lamp burning 8 grams of 
kerosene per hour (IT 113). 

Apparatus : — Balances (b) ; Candle ; Clock ; Galvanom- 
eter (astatic) ; Kerosene Lamp ; Optical Bench ; Thermo- 
pile ; Weights (g). H. U. Adv., 99. 

Review Exp. 27 B ( H. U. Elem., 34 = H. U. Adv., 32). 
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LIGHT. 

Review Exps. 30 B, 31 B, 32 B, 33 B (H. U. Elem., 35- 
37 = H. U. Adv., 41, 42, 43, 45). 

31 C. Find the zero-reading of a sextant (f 123). Read 
§§ 31, 32, 97. 

Apparatus : — A Sextant. H. U. Adv., 35 L 

32 C. Find by a sextant the angular semidiametep of the 
sun (K 124, 1.). 

Apparatus: — A Sextant. H. U. Adv., 35, 11. 

33 C. Find by a sextant the distance of a terrestrial ob- 
ject of known magnitude (H 124, II., and H 136). 

Apparatus ; — A Sextant H. U., omit. 

34 C. Find the latitude and longitude of a place (fH 242, 
243, Tables 44 A-44 G). 

Apparatus : — An Artificial Horizon and a Sextant. 

H. U., omit 

35 C. Find by a sextant the three angles of a prism 
(H 125, L). 

Apparatus: — A small Prism and a Sextant. 

H. U. Adv., 51. 

36 C. Find by a spectrometer the three angles of a prism 
(H 126). 

Apparatus: — A small Prism; a (kerosene) Lamp; a 
Spectrometer. H. U. Adv., 50. 

37 C. Find the angle of minimum deviation for a ray of 
sodium light passing through a prism angle of known magni- 
tude (HIT 126, 127). Read H 128, and § 102. 

Apparatus : — Prism (used in No. 36 C) ; Sodium flame 

(with slit) ; Spectrometer (or sextant). 

H. U. Adv., 52. 

38 C. Find the distance between the lines of a diffraction 
grating (H 130). :fteview § 100. Read § 101 and H 129. 

Apparatus: — Diffraction Grating: Sodium flame (with 
slit) ; Spectrometer (or sextant). H. U., Extra. 
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SOUND (Read §§ 92 and 96). 

Review Exps. 36 B and 37 B (H. U. Elem., 28 and 31 = 
H. U. Adv., 26 and 22). 

39 C. Find the pitch of a tuning-fork by the toothed wheel 
(H 144). Read % 145. 

Apparatus : — A Toothed Wheel Apparatus, and a Tun- 
ing-fork (C = 64) . H. U., Extra. 

40 C. Find the musical interval between two tuning-forks 
by means of a monochord (IT 133 III). Read % 134. 

Apparatus: — A Monochord and 2 Tuning-forks (A = 
216 to 220, C = 256). See note under 64 A, First List of 
Experiments, Appendix VI. H. U. Adv., 24. 

41 C. Find by Lissajous* curves (IT 143) the musical 
interval between 2 C-forks 2 '' octaves " apart ; also find the 
musical interval between the higher of these forks and a Gr* 
fork, two " octaves " and a *' third " below it. Read KH 134 
and 142. ^ 

Apparatus: — Lens (small); 3 Tuning-forks (C = 256, 
C= 64, G< = 51.2). (Kerosene lamp for smoking, and 
sealing wax.) 

See Note under 65 A, First List of Experiments, Appen- 
dix VL H. U. Adv., 29. 

42 C. Find the pitch of a set of forks, covering a known 
musical interval, by the method of beats (1 141). Read 
H 140. 

Apparatus: — A Clock and 5 Tuning-forks; G< = 51.2, 
A = 54, A« = 57, B = 60, C = 64. H. U. Adv., 25. 

See Note under 66 A, First List of Experiments, Appen- 
dix VI. 

43 C. Find the pitch of the note due to longitudinal vibra- 
tion in a wire (f 248; L), either by a pitch-pipe (Fig. 273), 
or (in the absence of a musical ear) by a resonance tube 
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(IT 132, and IT 134, XL). Calculate the velocity of sound in 
the wire (IT 248). 

Apparatus : — A Pitch-pipe (or Resonance Tube) ; Tape 
measure ; Wires ; Cloth, resin, etc. H. U. Adv., 27. 

44 C. Find the pitch of the note due to torsional vibra- 
tions in a wire (IT 248, II.), either by a pitch-pipe or by a 
resonance tube. Calculate the velocity of these torsional 
vibrations in the wire. 

Apparatus : — A Pitch-pipe (or Resonance Tube) ; Tape 
measure ; Wires ; Cloth, resin, etc H. U., Extra. 



DYNAMICS (Read §§ 28, 29, 111, 1 138). 

45 C. Find the length and time of oscillation of an irro- 
tational pendulum (f 151, II.). Read f 150 and T 152, §§ 40 
and 61. Obtain g from table, % 153. 

Apparatus : — Clock ; Gauge (vernier) ; Metre Rod ; Pen- 
dulum (irrotational). H. U. Adv., 17. 

46 C. Find the coefficient of torsion of a wire by a torsion 
balance (IT 165). Read § 12; review §§ 13 and 116. 

Apparatus : — Gauge (micrometer) ; Metre Rod ; Torsion 
Balance; Torsion Head; Weights (eg). H. U., Extra. 

47 C. Find Young's modulus of elasticity for a wire 
(T167). Review § 114. 

Apparatus : — Gauge (micrometer) ; Micrometer (electric) 
Tape measure ; Weights (kg) ; Young's Modulus Apparatus. 

H. U. Adv., 54. 

48 C. Find the surface tension of water by means of the 
capillary tube of No. 16 C (IT 169, II.). Read f 170. 

Apparatus : — Beaker ; Capillary Tube; Metre Rod; 
Thermometer. H. U. Adv., 55 I. 
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ENERGY (Read §§ 14, 15, 117-121). 

49 C. Find the coefficient of hydraulic " resistance " for a 
rubber tube (f 172, page 378). Calculate the coefficient of 
friction for water. 

Apparatus : — Balance (rough) ; Blocks ; Clock ; 2 Jars ; 
Weights {kg). H. U., omit. 

50 C. Find the efficiency of a water motor (IT 174). Read 
1 175. Read §§ 14, 15, 117, 118. 

Apparatus : — Balance (rough) ; Clock ; 2 Spring Bal- 
ances ; Jar; Tape measure; Water Motor (with pressure 
gauge); Weights (Jcg), H. U., omit 

51 C. Find (roughly) the mechanical equivalent of heat 
by means of lead shot (1[ 177, first paragraph). Read IT 176 
and IF 178. 

Apparatus: — Pasteboard Tube (with corks) ; a Thermom- 
eter and some Lead Shot H. U. Adv., 65. 

MAGNETISM. 

52 C. Find the attraction and repulsion between two par- 
allel magnets at a given distance (1[ 180). Estimate the 
strength of the poles (T 181). Read §§ 17, 129. 

Apparatus : — Balance (a) ; Blocks {cu, cm) ; Gauge (ver- 
nier) ; 3 Magnets (compound) ; Weights {eg). 

H. U., Extra. 

Note. In this and in following experiments, the distance 
between the poles of the (short) compound magnets may be 
called equal to -^xs the length of the magnet. See f 179. 

53 C. Find the couple exerted by the earth's magnetism 
upon 3 magnets by means of torsion (T 182). Estimate ** H." 

Apparatus : — 3 Magnets (compound) ; Torsion Head and 
Wire tested in No. 46 C. ; Wax and pins to serve as sights. 

H. U. Adv., 67. 
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54 C. Find the deflection of a compass needle due to mag- 
nets of known strength (from No. 52 C.) at a given distance 
(IT 183). Read flT 184, 185. Estimate " H." Calculate 
the true value of " H " from the estimates in Nos. 53 C. and 
54 C. 

Apparatus : — Compass (surveying) ; Magnets (compound) ; 
Metre Rod. H. U. Adv., 68. 

5d C. Find the distribution of magnetism on a magnet by 
the method of vibrations (IT 186). Plot a curve (Fig. 205). 
Estimate the distance between the poles. 

Apparatus : — Clock ; Magnet (vibrating needle) ; Magnet 
(long-bar) ; Metre Rod ; Test Tube. H. U. Adv., 66. 

56 C. Find the distribution of magnetism on a magnet by 
means of an induction coil (f 189). Plot the curve and esti- 
mate the distance between the poles as in No. 55 C. Read 
irir 187 and 188. 

Apparatus : — Galvanometer (astatic) ; Helix (sliding) ; 
Magnet (long-bar) ; Metre Rod. H. U. Adv., 69. 

57 C. Find the magnetic dip by the * earth-inductor 
(IT 192). Read %^ 190, 191, and § 147. 

Apparatus : — Earth -Inductor ; Galvanometer (astatic, 
loaded so as to answer for a ballistic galvanometer), and a 
Level. H. U. Adv., 70. 



ELECTRICAL CURRENT MEASURE (Read §§ 18, 19, 
130-133). 

58 C. Find the constant and reduction factor of a single 
ring tangent galvanometer (If 198 and 199, formulae (5) 
and (6)). 

Apparatus : — A Galvanometer (S. R.), a Gauge (long ver- 
nier), and a Tape Measure. H. U. Adv., 71, 1. 
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59 C. Find the reduction factor of a double-ring galva- 
nometer by the method of comparison (IT 201). Read % 200. 

Apparatus : — Battery (2 Daniell) ; 2 Commutators ; 2 
Galvanometers (S. R. and D. R.), and connecting wire. 

H. U. Adv., 73. 

60 C. Find the reduction factor of an ammeter by the 
method of comparison (H 210). 

Apparatus: — An Ammeter; Battery (2 or 3 Bunsen) ; 
2 Tangent Galvanometers (S. R. and D. R.). 

H. U. Adv., omit. 

61 C. Find the reduction factor of an astatic galvanome- 
ter with shunt, by the method of comparison (^ 201), as in 
99 A (First List of Experiments, Appendix VL). Note what 
plugs are removed from the rheostat, also the length, diame- 
ter, and material of the shunt. If the resistances H, G, and S 
of the rheostat, galvanometer, and shunt are known, calculate 
the reduction factor of the galvanometer without the shunt 
from that of the combination (Z), by the formula 

i — lY ^ 

Apparatus : — A Battery (1 Daniell) ; 2 Galvanometers 
(astatic and D. R.) ; a Gauge (micrometer) ; a Metre Rod ; a 
Resistance-box ; 1 metre of German silver wire (about No. 
25 B. w. G.). H. U. Adv., 86. 

62 C. Find the reduction factor of a dynamometer by 
comparison with a single-ring galvanometer (IT 204). Read 
if 202. Let be the current indicated by the galvanome- 
ter, and a the angle of torsion in the dynamometer ; then the 
reduction factor (2>) is 

Apparatus : — A Battery (3 Bunsen or 6 Daniell) ; 2 Com- 
mutators; a Dynamometer; a Galvanometer (S. R.), and 
connecting wires. H. U. Adv., 98, L 
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63 C. Find by measurement the reduction £Eictor of a 
dynamometer (T 203). Read §§ 134, 135. Review § 116. 
Use the formula 

D=\Oi/ «_ 

Calculate tiie current C in No- 63 C. by the formula 

then find /and iTas in 1 204. 

Apparatus : — A Dynamometer ; a Gauge (vernier long) ; 
[a Torsion Balance, and Weights (c^)]. 

H. U. Adv., 98, II. 

64 C. Find the reduction factor of a galvanometer by the 
electro-chemical method (H 205). Calculate *' H " (H 206). 
Read § 142. Review §§ 143, 144. 

Apparatus : — Balance (a) ; Battery (1 Daniell) ; Clock ; 
Commutator ; Galvanometer (S. R.) ; Weights (c^), and 
a spiral of copper wire. H. U. Adv., 71, II. 



ELECTRICAL RESISTANCE (Read §§ 20, 136, 137). 

65 C. Find the electrical resistance of a coil of wire by 
the method of heating (irH 212, 213). 

Apparatus : — Balance {b) ; Battery (2 Bunsen) ; Calorim- 
eter ; Resistance-coil ; Stirrer ; Thermometer ; Weights {g). 

H. U. Adv., 78. 
Review Exp. 58 B (Elem. 44 = Adv. 76). 

66 C. Find the electrical resistance of a conductor by 
means of a differential galvanometer (^ 216). 

Apparatus: — Battery (1 Daniell); a Galvanometer (as- 
tatic with difierenUal connections) ; the Helix of No. 56 C. ; 
a Key ; and a Resistance-box. H. U. Adv., 85. 
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67 C. Find gross errors (if any) in a resistance-box by 
means of a Wheatstone*s Bridge (f 217). Use as a (rough) 
standard of comparison the resistance-coil tested in No. 65 C. 
Read §§ 42 and 141. Review § 45. 

Apparatus : — B. A. Bridge ; Battery (1 Daniell) ; Gal- 
vanometer (astatic) ; Resistance-box and Resistance-coil. 

H. U. Adv., 81. 

68 C. Find by Wheatstone's Bridge the resistance of the 
shunt used in No. 61 C, and calculate the specific resistance 
of the material of which it is made (IT 219). Read 
f 217. 

Apparatus : — B. A. Bridge ; Battery (1 Daniell) ; Gal- 
vanometer (astatic), and Shunt. H. U. Adv., 82. 

69 C. Find the resistance of the galvanometer used in 61 
C by Thomson's method (If 220). Read f 221. 

Apparatus: — B. A. Bridge; Battery (1 Daniell, shunted); 
Galvanometer (astatic) ; Key ; Magnet (small compound) ; 
Resistance-box. H. U. Adv., 90. 

70 C. Find the resistance of a battery by Mance's method 
(ir 222). Read IT 222 a. 

Apparatus : — B. A. Bridge ; a Battery (1 Daniell) ; a 
Galvanometer (astatic) ; a Key ; a Magnet (compound, 
small) ; and a Resistance-box. H. U. Adv., 89. 

71 C. Find the resistance of a tangent galvanometer by 
the use of a shunt (T 223, I.). Read ^ 224, 1. 

Apparatus : — Battery (1 Daniell) ; 2 Galvanometers 
(S. R. and D. R.) ; Resistance-box (or shunt). 

H. U., Extra. 
Review Experiment 60 B (Elem. 45= Adv. 77). 

72 C. Find the resistance of a battery by Ohm's method 
(IT 225). Review § 138. 

Apparatus : — A Battery (1 Daniell) ; a Galvanometer 
(S. R.), and a Resistance-box. H. U. Adv., 75. 
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Note. The battery cell should be marked so that it can 
be identified later on. 

73 C. Find the resistance of a battery by Thomson's 
method, as in 113 A (First List of Experiments, Appendix 
VI.). 

Apparatus : — Battery (1 Daniell) ; Galvanometer (as- 
tatic) ; Resistance-box, and shunt. H. U. Adv., 88. 

74 G. Find the resistance of a battery by Beetz' method 
(IT 229). Read Iff 226-228. 

Apparatus : — 2 Batteries (2 Daniell, 1 Leclanche) ; Gal- 
vanometer (astatic) ; 2 Keys ; Resistance-box. 

H. U. Adv., 91. 

ELECTROMOTIVE FORCE (Read §§ 21 and 139; Review 
§§ 137, 138, 145). 

75 C. Find the electromotive force of a battery by the 
method of opposition (H 230 (7)). Use 5 or 6 Daniell cells 
and 3 Bunsen cells in series, with an astatic galvanometer and 
resistance box. Estimate the electromotive force of the 
Daniell cells from that of the single cell tested in No. 72 C. 
(see t 230 (2)). From this find that of the Bunsen cells. 
Read § 41. 

Apparatus : — Named above. H. U. Adv., 93. 

Note. See note under 115 A (First List of Experiments, 
Appendix VL)« 

76 G. Find the electromotive force of a Bunsen cell by 
Wiedemann's method (IT 231). 

Apparatus : — 2 Batteries (1 Bunsen, 2 Daniell) ; a Gal- 
vanometer (S. R. or D. R). H. U. Adv., 95. 

77 G. Find corrections for a volt-meter (f 234). Plot 
the resulte (Fig. 2 CO). ' 

Apparatus : — B. A. Bridge ; Battery (2 Daniell) ; 
Galvanometer (astatic with extra slider) ; and a Resistance- 
box. H. U. Adv., 92. 
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78 C. Find the electromotive forces of a Bunsen and a 
Leclanche cell by a volt meter (f 235). 

Apparatus : — Batteries (1 Bunsen, 1 Leclanche, &c.) ; a 
Galvanometer (astatic), and Resistance-box. 

H. U. Adv., 94. 

79 C. Find the electromotive force of a Daniell cell by 
PoggendorflTs absolute method (f 237). 

Apparatus : — 2 Batteries (1 Dauiell, 1 or 2 Bunsen) ; 
2 Galvanometers (astatic and S. R. or D. R.) ; Resistance- 
coil (in calorimeter). H. U. Adv., 96. 

80 C. Find the efficiency of an electric motor (f 238). 

Apparatus : — 2 Balances (spring) ; Battery (2 or 3 Bun- 
sen) ; Clock ; 2 Galvanometers (astatic and S. R. or D. R.) ; 
Motor (electric, small) ; Revolution Counter ; Resistance- 
box. H. U., omit 

The ''third list" of experiments given above contains 60 
regular and 10 "extra" experiments. The latter are in- 
tended to take the place of 10 advanced experiments, the 
principles of which have probably been anticipated in an ele- 
mentary course. The corresponding experiments in the ele- 
mentary course are marked for review, with references to the 
Harvard elementary pamphlet, and to the '^ second list" (B, 
Appendix VII.), where they may be found. The student will 
do well in any case to prepare himself for examination upon the 
principles of these 10 elementary experiments, which together 
with the 60 regular experiments of the "third list" are 
thought to cover the ground of 66 of the 100 experiments in 
Physical Measurement published by Harvard Dniversity, 
June, 1890. 

The 66* experiments have been selected as follows : — 
13 in Mechanics and Hydrostatics ; Nos. 2-4, 7-15, and 
17. 
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6 in Sound ; Nos. 22, 24-27, and 29. 

9 in Light ; Nos. 32, 35, 41-43, 45, and 50-52. 

19 in Heat; Nos. 53-58 ; 60-71, and 73. 

19 in Magnetism and Electridtj; Nos. 75-78, 81-82, 
85-86, 88-96, and 98-99. 

The exact correspondence between these 66 experiments 
in '^ advanced physics " and those contained in the '^ third 
list *^ designated by the letter C is shown by the table below. 
The experiments marked B. are those taken from the *^ second 
list" (Appendix VII.). It is understood that these experi- 
ments are to be offered for admission to Harvard College either 
in elementary or in advanced physics. In the former case, 
they should be replaced by an equal number of experiments 
marked " extra " in the ** third list," in order to meet the 
college requirements for admission in Advanced Physics. 



Hanrard 


Third List, 


Harrard 


Third LiBt, 


Uaryard 


Third List, 


Adv., No. 


No. 


AdT., No. 


Na 


Ady., No, 


Na 


2 


12 C 


43 


33B 


71X1. 


64 C 


3 


13 C 


46 


30B 


73 


59 C 


4 


14 C 


50 


86 C 


75 


72 C 


7 


3C 


61 


36C 


76 


68 B 


8 


4C 


52 


37 C 


77 


60 B 


9 


IC 


63 


18 C 


78 


66 C 


10 


5C 


64 


47 C 


81 


67 C 


11 


7C 


661. 


48 C 


82 


68C 


12 


6C 


66 II. 


16 C 


85 


66 C 


13 


8C 


66 


17 C 


86 


61 C* 


14 


10 C 


67 


21 C 


88 


73 C 


15 


9C 


68 


20 C 


89 


70 C 


17 


45 C 


60 


23C 


90 


69 C 


*22 


37 B 


61 


24C 


91 


74 C 


24 


40C 


62 


26C 


92 


77 C* 


25 


42 C 


63 


26B 


93 


76 C 


26 


36B 


64 


27 C 


94 


78 C* 


27 


43 C 


66 


61 C 


96 


76 C 


29 


41 C 


66 


65 C 


96 


79 C* 


32 


27 B 


67 


63 C* 


981. 


62 C 


36 1. 


31 C 


68 


64C 


98 XL 


63 C 


35 XL 


32 C 


69 


66C 


99 


30C 


41 


32 B 


70 


67 C 






42 


31 B 


711 


68C 







* Cases of only approximate correspondence. 
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This and the preceding lists of experiments have 
been prepared by the author with the view of satis- 
fying both the letter and the spirit of the latest Har- 
vard requirements (1890-1891). In view, however, 
of the frequent and extensive changes which have 
taken place in these requirements, teachers will do 
well to consult members of the physical department 
before deciding what particular experiments they 
propose to have their pupils offer for admission to 
the University. 
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AVBBAGES OF VABIABLB QUANTITIES. 

The average value of a variable qaantitj is frequently re- 
quired in physical measurement, as, for instance, in cases 
where the average atmospheric temperature or pressure affect 
the results. If a sufficient number of observations be taken 
there is no especial difficulty in computing their average; 
but the average of a variable quantity can be found in gen- 
eral only through formulae established by the differential and 
integral calculus. It is doubtful whether experiments in- 
volving the use of such formulas should be included in an 
elementary course ; but if included, every effort should be 
made to explain the formulae to the student. 

The teacher may, in certain cases, find it advisable to an- 
ticipate some of the principles of the calculus rather than to 
defer an experiment until these principles would naturally be 
explained. This, however, is not generally necessary. 

It will be seen from the following demonstrations that the 
averages of variable quantities may be obtained in a great 
many cases by simple arithmetic, algebraic, or geometric 
processes without the aid of the calculm, and when so ob- 
tained can be tabulated and employed in place of the integrals 
to which they correspond. 

33 
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It is important to present new problems in their simplest 
possible form. The ideas involved in processes of averaging 
are not only more familiar, B&t also simpler than in integra- 
tion ; for the integral is a quantity which necessarily (unlike 
the average) differs in hind from the quantity operated upon. 
The use of averages will be found, accordingly, to have cer- 
tain marked advantages over the use of integrals for the 
purposes of elementary demonstration. 

(a) Numerical Averages. The average of a given number 
of terms is defined as the sum of the terms divided by that 
number. It may be assumed that students are already famil- 
iar with arithmetical processes by which averages are ob- 
tained. The same processes may be extended to cases in 
which it is desired to find the average of numerical functions, 
provided of course that all the values to be averaged are 
finite, and limited in number. 

The average of all integral numbers between and 10 in- 
clusive is, for instance, 5 ; the average of the squares of these 
numbers ia 35 ; the average of the cubes of these numbers is 
275. A slightly different result would be obtained if inter- 
mediate values of these functions were also averaged. If, for 
instance, every integral number of tenths were considered, 
the average of the numbers would be 5 as before ; but the 
average of the squares would be 33.5, and the average of the 
cubes 252.5. 

If now we should consider every integral number of hun- 
dredths, the average would become 33.3 -|- and 250 -|- re- 
spectively. The same would be true if we considered 
thousandths or millionths of a unit. It would appear, accord- 
ingly, that the numbers which we have found represent with 
an increasing degree of accuracy the average value of the 
square and the cube of a quantity varying by small but 
equal steps between the values and 10. 
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(h) Limits of Error. The truth of this statement is capa- 
ble of demonstration. The average value of the square of 
a quantity between and 1 cannot, for instance, be greater 
than 1 (the maximum value), nor less than (the mini- 
mum value). In the same way the average value of the 
square of all numbers between 1 and 2 cannot be greater 
than 4 nor less than 1, &c. It follows that the mean 
square of a continuous variable between the values and 10 
cannot be greater than the average of the squares 1 , 4, 9, 
16, 25, 36, 49, 64, 81, and 100, nor less than the average of 
the squares 0, 1, 4, 9, 16, 25, 36, 49, 64, and 81. That is, 
this mean square is necessanly greater than 28.5, and less 
than 38.5 ; hence equal to 33.5 within 5 units. 

In the same way, by considering all possible numbers be- 
tween and 10 which can be expressed by an integral num- 
ber of units and tenths, it can be proved that the mean square 
in question is equal to 33.335 within 5 tenths of a unit ; and 
a still closer. approximation is obtained by considering aver- 
ages through intervals of one hundredth of a unit each. 

The mean cube of a continuous variable between given 
limits can be found in the same way with any required de- 
gree of accuracy by purely arithmetical processes. The same 
methods are applicable to the case of any function whatso- 
ever — always excluding the case of infinite or imaginary 
values. This fact may be made use of for the purpose of 
demonstrating to a class in elementary physics the value of 
certain mathematical constants which are usually determined 
only by the aid of higher mathematics. An example will be 
found in section g of Appendix X., relating to Probable 
Error, in which the " Coefficient of Probability " is deter- 
mined roughly in this way. 

(c) Average of a variable x. The use of purely arithmet- 
ical processes is confined to cases in which quantities are to 
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be averaged between given limits. It has been shown, for 
instance, that the average of all the numbers between and 
10 inclusive is 5. It will be found that the average of all 
numbers between and 100 inclusive is 50, &c. The ques- 
tion naturally arises, is the average of all numbers between 
and a given number always equal to one half of the given 
number ? 

Let us call the number » ; then there are n terms to be 
averaged. The first is ; the last is n ; these two give an 
average of (» + 0) -^ 2 = J n. The second (1) and next 
to the last (w — 1) give similarly an average ((» — 1) -|- 1) 
-5- 2 = J n. The numbers can evidently be thus combined 
in pairs, each averaging ^ n, until, if n is even, all the num- 
bers are paired off ; or if n is odd, a single number (^ n) re- 
mains. Obviously the average of all these averages is in any 
case ^ n ; hence this must be the average of all the numbers. 

The same result would be obtained if we considered tenths 
or hundredths of a unit. We should have a greater number 
of pairs to be averaged, but as the value of each is ^ n, the 
average would be the same. We conclude, therefore, that the 
average value of a variable x between the value and n is 
always equal to ^ n. 

{d) Notation of Averages, The result obtained in the last 
section may be expressed as follows : — 

n 1 

X =*»• (1) 

The line placed above the letter x denotes that an average is 
to be taken, and the limits of this average are indicated by 
the two values placed one at each end of the line. In such 
expressions variable quantities are customarily denoted by 
letters near the end of the alphabet (especially x, y^ and z)^ 
while other letters, like numerals, denote constant quantities. 
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(e) Geometrical Proof, The area of a rectangle is found 
by multiplying together the base and altitude of the rec- 

'fe* tangle. The areas of 
other figures may sim- 
ilarly be found by 
multiplying together 
' the base and average 
altitude of the figures. 
Thus the area (A) of 
an isosceles right-angle 
triangle ABG is equal 
a' = a) and its average 




to the product of the base {AB : 
altitude x = a:'. That is : 



A = 



X a' 



Now by geometry — 

A = iaX ci'; 
hence, as before — 
o a 

{/) Average of x^. The 
volume of a rectangular 
block is found by multiply- 
ing together the cross-sec- a 
tion and altitude of the 
block. In the same way 
the volume of other figures may be found by multiplying to- 
gether the average cross-section and the altitude of these 
figures. Let the altitude of a pyramid ABODE be a, and 
its base a' X a" = a* I then the cross-section of the pyramid 
at a distance x from the apex (A) is x' X a^' = ^^^ The vol- 
ume V is therefore — 
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a 

V= x" X a. 

Now by geometry — 

r= J«* X «; hence 

o a 

x" =ia«. (2) 

We have already seen that the average of the squares of 
numbers from to 10 is approximately equal to 33 J, and 
that when the squares are taken closer and closer together, 
there is a still closer approach to this value. The formula 
(2) shows that when all possible intermediate values are con- 
sidered, the average is exactly 33 1. It also shows that in 
general the average value of the square of a quantity up to 
a given value is equal to one third of the square of this 
value. 

{g) Mechanical Proof, To find the volume of a small 
prism, we multiply its length (/) by its (uniform) ci^oss- 
section {q). To find the mass (m) of the prism, we multiply 
the result by the (uniform) density of the prism (rf). To 
find the moment (if) of the prism about a distant point (o) 
in line with the axis of the prism, we multiply the result by 
the (nearly constant) arm (a) in question. That is — 

M=lX qX dX a (nearly). 

Now if c is the distance from the centre of gravity to the 
point 0, the moment of the prism about o is by definition — 

M=m X c; 
hence we have — 

mXc = lX gX dX a; or 

c =1 q Xd X a X I -^ tn. 
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In a similar manner, the centre of gravity of any figure with 
respect to a given axis, is located by multiplying the quotient 
of the length of the figure by the mass into the average 
product of the cross-section, density, and arm corresponding 
to regularly increasing distances along the axis. 

The distance from the apex A to the centre of gravity (0) 
of an isosceles triangle ABOj with base a and altitude a, 
and unit thickness and 
density throughout is 
found, accordingly, by 
averaging the prod- 
ucts of the distances 
X from the apex by 
the cross-section, also 
equal to x, multiply- 
ing by the (vertical) 
length a, and divid- 
ing by the mass, 
ia\ That is— B 




a o a 

A0= x^ -4- (i a« -f- a) = x^ -5- i a. 



Now the centre of gravity of a triangle must lie at the 
common intersection of three lines, A 0, BO, and GO, which 
bisect the sides BO, AC, and AB-j for if the tiiangle be cut 
up into a series of bars parallel to either of the sides, each 
bar will balance about an axis which bisects it ; hence the 
triangle as a whole must balance about such an axis, and 
this axis must contain the centre of gravity. Now the 
three lines in question can be shown by geometry to inter- 
sect at a point 0, such that ^ = § a. Hence we have, 
substituting, — 
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a 



i a = f a, 



or as before x^ = J a'. 

Qi) Average of x^. In the same way the centre of grav- 
ity (0) of a pyramid ABGD^ with altitude a, base a\ and 

A 




density 1, is found by multiplying together the distances x 
and the cross-section x^, and dividing the result by the ratio 
of the mass (^ a^) to the altitude (a). That is, 

a a 

A0= 7? -^ (J a« -f- a) = a:« -5- J a«. 

Now a pyramid must balance about any one of the four 
axes, ilO, BOy CO, or DO^ passing through the centre of 
gravity of the four sides, and hence through that of every 
section parallel to their sides ; and since by geometry ^ = 
} a, we have substituting — 
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o a 

X* -^ ^ a^ = I a ; or 



3^ =\a\ 



(8) 



(i) Average of af^. Let ABO be an isosceles right trian- 
gle, with density along the line -4(7 and density a:"~^ at a 
distance x from AC 
measured either hori- 
zontally or vertically ; 
then we have seen that 
the centre of gravity 
of a horizontal or ver- 
tical section of the tri- 
angle is (if n = 1, 2, 
or 3) at a point such 
that the distance be- 
tween it and AB or 
BO is to the distance 
between it and AO 
as 1 : «. The centres 
of gravity of all sections lie, therefore, on the lines AE or 
(72), dividing the sides BG and AB in the same proportioi^. 
so that — 

BEiEG::BDiDA\: 1 : «. 

The centre of gravity of the triangle is therefore at the in- 
tersection G of AE and CD, Drawing BG and, parallel 
to it, EH and DF, we have by similar triangles — 

GHxHGii GFiFAi: 1 : n. 

Now by construction the triangles HGE and DGF&re equal; 
hence GE= GF= FA-i-n^md DG = Gff= ffO -i- n. 
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It follows that the distance of the centre of gravity from the 
base of the triangle is to the distance of the apex from the 
base as GE : AE, or tis GE : AF + FG + GE^ or as 

1 .1.1 

n * n * n ' 

Denoting the altitude of the triangle by a, we have, there- 
fore, fo" the vertical distance d of the centre of gravity from 
the apex — 

Now applying the ordinary methods we find the average 
density of a horizontal cross-section to be — 

o X x^'~^ 



which multiplied by the cross-section (x) gives — for the 

n 
mass of the cross-section. The total mass is therefore (if 

»z=l, 2, orS) — 

o a 



^^ n — w(«+l) 
The ratio of the mass to the altitude is — 

w (w -f 1) "^ ^ — « (w + l)- 
The moment of a given section about the apex is — 



n n ' 

The distiance of the centre of gravity is accordingly - 



^ n n 
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o a 

d = ^^ -^ g' _ « + l ^ 
n ' « (n + 1) n + 2 * 



It follows that — 



n-\- 1 



It has been proved that if n = 1, 2, or 3, 



a 



n + r 



it follows that the same expression holds good forx^"^^; 
hence it holds for x^ , hence for a^, &c. In other words, we 
have in general (for positive integral powers of «), 



a 

of" = 



(4) 



71 + 1 



(j) Average of Trigonometric Functions, Passing now 
to the case of a circle of radius, r, and area, -4, which we con- 
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sider as the product of its diameter (2r) and average cross- 
section (2 y = 2 y r^ — a:*), we find — 

— r 1- r 

A = irr^=2rX 2 ^ (f — 7^ 

whence, dividing through by 4 r, 

— r 1- r =. 



TT r 



(r^ — a:^)i 



(5) 



Again, from the properties of the circle we have sin^ x + 
cos^ a: = 1 ; hence 



sin* X -|- cos* a: = 1 . 

Now sin 0° = cos 90° ; sin 1° = cos 89°, &c. Hence, 

0° 90° _ 0° 90 

sin* X cos* X , 

and we have — 

0° 90° _ 0° 90® 

sin* X cos* X 

sin* X -\- cos* X ^ ^ ^ 

The results already obtained are sufficient to illustrate cer- 
tain methods by which functions may be averaged without 
the aid of the calculus when, through geometrical construc- 
tion or otherwise, the averages of similar functions are 
known. 
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PROBABILITY OP ERRORS. 

(a) Definitions, The observed value (o) of a quantity 
differs, as has been pointed out in § 156, from the true value 
{q) by an amount (c) which is called the error of observa- 
tion. Let the errors in a series of n observations be distin- 
guished by subscript numerals, then the average error, i, is 
defined by the equation 

^=[21(^1+^2 + ^8+ . . . +«n)-^«, (1) 

where the sign [2] indicates that the numerical values of the 
errors are to be added together without regard to algebraic 
signs. 

The mean square of the errors (e^) is defined by the 
equation 

? = 2(.i» + .2' + .8'+ . . . +0-W. (2) 

The " error of the mean square " (c) is defined simply as 
the square root of the mean square of the errors ; that is 



€= Ve^ =V^(^?+^7+^?+TTr+vn^. (3) 

In a long series of observations in which the errors are 
due to a great nmnber of causes combining together in every 
possible way, the " probable error " is defined as one which is 
neither greater nor less than the majority. That is, if the 
errors are arranged in the order of their magnitude (without 
regard to signs), as follows, — 

^0» ^l> ^2) ^8 • • • ^p» ^p+D ^p+2> ^p+8> • • • ^n» 

the " probable error," «p, is defined by the equation — 
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p = in. (4) 

The " coeficient of probability," ir, is defined as the ratio 
of the prolable to the mean error ; that is, 

«p = TTC. (5) 

This definition is customarily extended to the case of short 
series of observations. In such cases the equation serves, 
however, to define the probable error, not the coefficient of 
probability. The value of this coefficient will be determined 
roughly in the course of the following elementary investiga- 
tion (see (g)). 

(h) Distribution of errors. The simplest case in the the- 
ory of errors is one in which, practically a single source of 
error exists. Let us take as an example the indication of 
a spring balance which (from rust or other causes) is affected 
by friction much more than by any other cause. If the 
pointer of such an instrument be pulled down to a given 
reading, the reading is generally too small. If the pointer 
is first pulled down too far, then allowed to recover, the indica- 
tion is generally too great. We will suppose for simplicity 
that the error is 1 unit in each case, — a kilogram for in- 
stance ; then the average error, the mean square of the 
errors, and the error of the mean square, are all by definition 
equal to 1. 

Now let it be required to find the weight of a body which 
rests, as in T 159 (1) upon two such spring balances. Let us 
suppose that each balance is pulled down to a given reading 
in one half of the observations, but allowed to recover to 
the reading in the other half of the observations. Let ua 
suppose, moreover, that the two balances are treated fir6t in 
the same way, then in opposite ways. It follows that in one 
half of the observations the errors due to friction in the bal- 
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ances will offset each other ; but that ia the other half, they 
will combine together so as to give a resultant ± 2. 

In point of fact, when a weight is thrown upon a spring 
balance, it usually makes several oscillations before it comes 
to rest. There is accordingly a (nearly) equal chance that 
the pointer may be arrested by friction either above or below 
its mean resting-point. We may assume, therefore, that ia 
(about) half of the observations the readings will be in- 
creased, in the other half diminished by friction. Let us 
first consider those observations in which the readings of one 
spring balance are too great. In the absence of any neces- 
sary reason why the readings of the second spring balance 
should be affected by those of the first, we may assume that 
these readings are also too great in about half the cases 
under consideration, — that is, one fourth of the total number 
of cases, — tnnd too small in the remaining fourth. In the same 
way, by considering that half of the observations in which 
the readings of the first spring balance are too small, we find 
a third fourth in which the readings of the second spring 
balance are also too small, and a fourth fourth in which they 
are too great. We find as before that the errors offset each 
other in one half (or two fourths) of the observations, and 
that they combine together in the other half. That is, the 
distribution of errors due to chance is (nearly) the same as 
that in which care is taken to bring about with equal fre- 
quency every possible combination. 

The four ways in which two sources of error, ^ch equal 
to ± 1, may combine together, may be written as follows: 

^ = +1 + 1= + 2; C = -1 + 1=0; 
5=+ 1—1 = 0; J)=z — l — l= — 2. 

Each of these combinations difiers from the next simply in 
the fact that the sign of one error is reversed. It is always 
assumed in the treatment of accidental errors that positive 
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and negative errors are equally probable.^ It follows that 
each of the combmations named above is just as probable as 
the next ; hence all are equally probable. 

Now let us consider a third source of error, — a body, for 
instance, suspended in parts from three spring balances. 
Each of the four combinations named above gives two, in one 
of which the resultant is increased, in the other diminished by 
the new source of error. There are accordingly 8 combina- 
tions in all, namely, 



b + A — lz=^l 
d+B—l= — l 



ez=zC+l = +l 
f=G—l=—\ 



In one case the resultant is -|- 3, m 3 cases -f- 1, in 3 cases 
— 1, in 1 case — 3. 

We come next to four sources of error. Each of the pre- 
vious 8 combinations yields 2, so that there are 16 in all, 
namely, 

a-fl = 4 c + l=2 e+l = 2 ^-fl=0 

a— 1=2 c — 1=0 tf— 1 = ^— 1 = — 2 

5+1 = 2 d+l = /+1 = A + l=_2 

5 — 1 = d—l= — 2 f—l= — 2 h — l=z — i. 

In 1 case we have a resultant -f- 4, in 4 cases -|- 2, in 6 cases 
0, in 4 cases — 2, in 1 case — 4. 

(c) Table of Combinations, In the same way, by purely 
arithmetical processes, the distribution of errors due to any 
niimber of sources may be obtained. The results already 
calculated for the case of 4 sources of error are compared in 

^ If this were not the case we should have a constant error as 
the result. It is supposed that all constant errors are eliminated. 
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the table below with similar results corresponding respect- 
ively to 16 and to 100 sources of error. 

MagDitude No. of combinatioDS giving a resultant of this Magnitade 

« of the magnitade when the of the 

Error. No. of sources = 4. Na of sources = 16. No of sooroes s=100. Error. 






6 


12870 


1009 X 10« 





+2 


4 


11440 


989 


(i 


— 2 


4 


1 


8008 


932 


tt 


— 4 


6 





4368 


844 


tt 


— 6 


8 





1820 


734 


<t 


— 8 


10 





660 


614 


u 


-10 


12 





120 


494 


ft 


— 12 


14 





16 


381 


« 


— 14 


16 





1 


282 


tt 


— 16 


18 








201 


tt 


— 18 


20 








137 


tt 


— 20 


22 








90 


tt 


— 22 


24 








57 


tt 


— 24 


26 








86 


tt 


— 26 


28 








20 


tt 


— 28 


80 








11 


tt 


— 30 


32 








6 


tt 


— 32 


84 








8 


tt 


— 34 


36 








H- 


_lt 


— 36 


38 








1- 


. tt 


— 38 


-HO 



16 





0+ 


." 


— 40 


rotal 


66,636 


12,677X1026 


Total 



{d) Probability Curve, The results contained in the 
last table are represented graphically in the figure. In con- 
structiug this figure, the vertical distances were made pro- 
poi*tional to the number of combinations in a given column, 
the first number in the column being taken equal to 1. The 
horizontal distances were made proportional to the magnitude 
of the resulting errors represented by a given curve ; but in 
plotting the first curve, the results were divided by 2, in the 
second by 4, in the third by 10. The similarity of the curves 
wlien thus reduced to a common scale becomes apparent. 

34 
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The three carves in the figure represent the relative proba- 
bility of errors of a giveu magnitude resulting (1) from 
combinations of 4 sources, each equal to ± ^ ; (2) from com- 
binations of 16 sources, each equal to ± ^ ; and (3) froqi 
combinations of 100 sources, each equal to ± -j^, — because, 
in plotting the curves, we divided the resultants by 2, 4, and 
10, respectively. The (approximate) agreement of the curves 
serves, therefore, to illustrate the truth of a general law, that 
the distribution of errors due to n sources, each equal to ± 1 
•^ '\/n, is in all cases (approximately) the same. 

It follows from this law that the average error and the 
error of mean square must also, under the conditions named, 
be (approximately) the same. It also follows that the re- 
sultants due to n unit sources of error are, other things being 
equal, proportional (approximately) to the square root of n. 
Hence the average error and the error of the mean square 
are also (approximately) proportional to the square root of 
the number of sources from which they arise. This law, 
which holds only approximately for average errors, can be 
proved exactly in the case of the error of the mean square. 

(e) Calculation of Mean Squares, The results which have 
been worked out in the distribution of errors enable us to 
calculate in certain cases the mean square of these errors. 
When a single unit source of error exists, the resultant is 
always ± 1, hence the mean square is + Ij or ci* = 1. 
With 2 unit sources, we have four combinations, in two of 
which the resultant is 0, in the other two ± 2. The mean 
square is accordingly 

e,« = (2x0-f-2x4) -5-4=2. 

In the same way, in the case of three unit sources, we find 

csi= (2 X 9 + 6 X 1) -^ 8 = 3. 
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and in the case of four unit sources — 

c,«=:(2x 16 + 8 X 4 + 6 X0)-M6 = 4. 

We notice that the mean square of the resultant error is in 
each case equal to the number of unit sources of which it is 



It is easy to show that this law is perfectly general. Sup- 
pose we have found the distribution of errors due to n unit 
sources to be such as to give 

X resultants of the magnitude e, 
y resultants of the magnitude/, S^c, 

and that a new unit source of error is now added, so as to 
increase half of the previous resultants by 1, and to diminish 
the other half by 1. We shall then have 

{J X resultants of the magnitude c + l 
\ X resultants of the magnitude e — 1 

{^y resultants of the magnitude /+ 1 
Wy resultants of the magnitude/ — 1, &c. 

The squares of these errors will be, in 

{^x cases, e* + 2 c + 1 
Wx cases, e^ — 2 c + 1> &C'> 

the average in the x cases being c^ + 1. 

In the same way the average in y cases is /* + 1 , &c. 
The mean square of all the errors is therefore 

«".+! = [x (e« + 1) + y (/« + 1) + &c.] H- [x +y + &c.] 
= [a:e^+y/« + &c.+ a;+y+&c.] -5- [a:+y + &C.] 
= [^e' + y/^ + Ac.] -5- [x+y + &c.] + 1. 

Now if it has been shown that in the case of n sources of 
error, the mean square of the resultant is equal to n, or if 
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we have, substituting, 

Cni-l" = fn^+l =«+ 1. 

The law has been shown to hold in the case of four sources 
of error, hence it holds for 5, hence for 6, &c. ; that is, it 
holds for any number of sources of error. 

We have therefore, the following law : — 

The mean square of the errors resulting from every possible 
combination of a given number of Unit sources is equal to the 
number in question. 

(/) Law of Mean Squares. If, instead of combining 
an error ± 1 with x errors of the magnitude e, we should 
combine an error of the magnitude ± c' with them, the mean 
square of the resultant would be e^ -|- {e^)\ 

If therefore a new source of error arises in which the re- 
sultants are in a' cases, ± e', in y' cases, ± /', &c., the mean 
square of the resultant will be 

\x< (e" + (e'Y) + y' (e" + (/')*) + &c.] -5- [a:/ + y' + &c.] 
= [_^i?-\-y> e«-|-&c. +a;'(e') '^y (/•/)«+ &c.] ^ [x' + 

y' + &c.] 

= 6* + ix< {e'f + y' if'f + &c.] ^ [a/ -I- y + &C.] 

whjre €^ represents the mean square of the resultant errors 
due to the new source. In the same way, the mean square of 
the resultant due to combining the new source of error with 
the resultants /, is to make the mean square of these result- 
ants, y^ + ^^i that is, the squares of all the previous re- 
sultants are increased on the average by the amount c^; 
hence also the mean square of these resultants. 
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The law of mean squares may now be stated in general as 
follows : — 

The mean square of the errors resulting from combinations 
of accidental causes is equal to the sum of the mean squares 
due to each separate cause. 

{g) Coefficient of Probability, The coefficient of proba- 
bility, or ratio of the probable error to the error of the mean 
square depends upon the manner in which errors due to a 
great variety of sources are distributed in a long series of 
observations. A calculation of this coefficient may be based 
upon any of the curves - plotted in the figure (see d). We 
will choose the curve due to 100 sources of error, not only 
because this curve is better defined than the others, but also 
because it has been found not to differ perceptibly from 
curves obtained with 1,000 or 1,000,000 sources of error. 
There is in fact a wide limit within which the results may be 
applicable. At the same time it must not be forgotten that 
the other curves yield results which in a great many cases 
would be more conformable to the facts.^ 

We find from the table (see c) that the number of com- 
binations due to 100 unit sources which give resultants less 
than db 6 is, 

(932 + 989 + 1009 + 989 + 932) X 10^^ = 4851 X lO^'. 

In the same way we find the following numbers : — 

Less than ± 6, 4861 X lO^s Less than ± 8, 6539 X 10» 

Equal to ±6, 1688 " Equal to ±8, 1468 

Greater than lb 6, 6138 " Greater than ib 8, 4670 ** 

Total 12677 X IQ^ Total 12677 X 10'* 

^ Most observations are affected by a few large sources of error, 
in comparison with which the smaller sources may be neglected. The 
distribution of errors may also be altered by the nature of the sources 
from which they arise. 
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Evidently the probable error is greater than ± 6, because 
there are more combinations giving a greater than a smaller 
resultant. The probable error is also evidently less than 
± 8. It would be sufficiently accurate for most purposes to 
call the probable error in such a case 7 units. A more pre- 
cise value may be found by interpolation. 

In practice resultant errors are not confined to certain defi- 
nite values such as ± 6 or ± 8, with gaps between them, but 
we find them, as indicated by the continuous curves of the figure, 
more or less uniformly distributed. We may assume therefore, 
as a first approximation, that the 1468 X 10^^ combinations 
which in a hundred sources of error each equal to ± 1 would 
give resultants equal to ± 8, are in pi-actice distributed evenly 
between ± 9 and ± 7 ; while the 1688 X 10^ resultants of 
± 6 reach from ± 7 to ± 5. There would in this case be 
about 844 X 10^ combinations between ± 6 and ± 7, and 
(844+4851) X 10^', or 5695 X 10^ combinations below 
± 6. The probable error (Cp or p) corresponds to half the 
total number of combinations, that is, to |^ 12677 X 10^® = 
6338 X 10^, nearly. Applying the ordinary rules for inter- 
polation,^ we find 

p = e + (6338 — 5695) -^ 844 = 6.7 +. 

Now the error of the mean square due to 100 unit sources 
of error is, according to section (c), equal to VlOO or 10 
units ; hence the coefficient of probability is 0.67 +. 

(h) Probable Errors of Sums and Differences. When 
several quantities are added together, the sum is affected by 

1 A more exact value of this coefficient may be obtained by meth- 
ods of interpolation involving 2d and Sd difierences, or bj consider- 
ing a greater number of sources of error. Such a value of the 
coefficient is 0.67449. A similar investigation shows that the ratio of 
the probable to the average error is 0.8463. 
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the errors in each quantity. Since the probable error is 
always proportional to the error of mean square, we find, 
from the law of mean squares (see (/)), that the probable 
error (/?) of the sum is equal to the square root of the sum 
of the squares of the probable errors (pi p^y &c.) of all its 
components ; that is, 

p z=.s/p^ -j- p^ 4" ^^' 

The case is somewhat simpler when all the quantities added 
together are affected by the same sources of error. The 
number of sources of error in the result is then proportional 
to the number of the quantities, hence also the mean square 
of the errors. It follows that the probable error is propor- 
tional in such cases to the square rout of the number of terms 
added together. 

The same principles apply to the calculation of resultant 
errors in differences as in sums ; for negative errors are sup- 
posed to be just as frequent as positive errors, hence it can 
make no difference in a long series of results, as far as the 
errors are concerned, whether one quantity is to be added or 
subtracted from another. 

The probable error of the sum or difference of two quan- 
tities affected by the same sources of error is therefore greater 
than the probable error of the quantities themselves in the 
ratio of V2 to 1. Evidently the error bears a greater pro- 
portion to the difference of the two quantities than to their 
sum. Methods of difference are, therefore, relatively inac- 
curate (see § 38). 

(i) Multiplication and Division of Errors. When an ob- 
served quantity is multiplied or divided by a constant, the 
error of observation is also evidently multiplied or divided by 
the same constant; hence the probable error is increased or 
uimjnished in the same proportion. 
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(j) Probable Errors of Averages. If the probable error 
of a single observed quantity is p, that of the sum of n simi- 
lar quantities is, as we have seen (see (h)),p y'n. In find- 
ing the average of n quantities, we divide their sum by n ; 
hence, according to the last section, the probable error is also 
divided by w. It follows that the probable error of the aver- 
age of n similar observations is p y/n -^ n = p -r- ^n. 
That is, the probable error of the average of several observa- 
tions affected hy like sources of error varies inversely as the 
square root of the number of observations, 

{k) Estimation of probable error from the differences be- 
tween separate observations and their mean. 

Let q -\- €^, q -\- Cz't q -\- e^ . . . q-\-ej^ denote a series of 
n observations of a quantity q. The mean (m) of these ob- 
servations is then 

The difference {d^ between the first observation and the 
mean is 

= ^Z^ei + ii + fi + .. . !?. 
n n n n 

That is, the difference between a given observation and the 
mean is found by multiplying one of the errors by {n — 1) 
-5- n, and the other (n — 1) errors by 1 -f- n. If c^ is the 
mean square of the errors, the mean square of one of the 
terms must be €^ (n — 1)^ -r- w^ ; while the mean square of 
the other (n — 1) terms will be c^ -4- n^; so that the sum of 
these mean squares, which is equal to the mean square of the 
differences 

lp= «' ^"7 ^)' + (»- 1) t^ = ?— L .». (1) 
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Conversely we have 



««=_!!_«?. (2) 

n — 1 



From this and preceding formulce, we find the following 
rule for the calculation of prohaUe error: Add all the obser- 
vations together^ divide by their sum to find the mean, subtract 
the mean from each observation to find the '^ differences ; '^ 
square all these differences^ add the squares together, divide by 
the number of observations less one, to find the mean square of 
the error of observation ; extract the square root of this result 
to find the error of the mean square, multiply the error of the 
mean square by 0.67449 (0.7, nearly) to find the probable 
error of observation ; divide by the square root of the number 
of observations to find the probable error of the mean of the 
observations. 

(I) Example of the calculation of probable error (see 
§50). 



A. No. of 


B. Boiling point 


C. Differences from 


D. Squares of 


obserratioDS. 


observed. 


the average. 


the (liflierencefl. 


1 


780.79 


+ 0°.29 


0.0841 


2 


78.33 


— 0.17 


289 


3 


78.02 


— 0.48 


2304 


4 


78.93 


+ 0.48 


1849 


5 


78.46 


— 0.04 


16 


6 


78.67 


+ 0.17 


289 


7 


78.00 


— 0.50 


2500 


8 


78.81 


+ 0.31 


961 


9 


78.48 


—0.07 


49 


10 


78.66 


+ 0.06 


36 



Sum 10 ) 785.00 10 ) [2 52] 9) 0.9134 

Average 78.500 (0.252] 0.1015 



Error of the mean square, VO.1015 = 0.818 + 

Probable error of observation, (0.67 +) X (0.318 +) = 0.21 + 
Probable error of the mean, 0.21 -f- I^IO = 0.21 -f 3.16 = 0.07 
Final result for the boiling-point of alcohol, 78°. 50 J;0°.07 
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(m) Probable errors ofprodticts and quotients. The prob- 
able errors of products and quotients are easily calculated by 
considering the proportion which the component and resultant 
errors bear to the quantities which they affect. We have, for 
instance, in the notation previously employed (§ 156) : — 

giXg2X (1+!^+-^) nearly, 
\ qi 92/ 

?1 = ?1 (l-\^'A - fl + ?^) = ?J fl +?i - ?^) nearly, 

02 q2 \ qj \ qJ q2 \ qi 92^ 

neglecting in both cases terms which involve powers or prod- 
ucts of the small ratios {e : q)\ that is, neglecting terms of 
the second or higher degrees of smallness. It is evident 
from these formulae that the proportional errors, e^ : ^i, &c., 
are compounded in products and quotients just as ordinary 
errors are in sums and differences. The probable error (/>) 
of a quantity q may, therefore, be calculated from the prob- 
able errors, pi, jt?2, /?8j &c., of its factors, ^i, q2^ ^si &c., by 
the formula 



=v'©" +©'+©■+- 



The same formula is to be employed whether the factors 
occur in the numerator or in the denominator of the frac- 
tion by which the quantity q is determined. 

(n) Probable Errors of Powers and Roots* When an ob- 
served quantity, o, is raised to the power n, the result may be 
expressed : — 
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,.(l +^* + 'L(!Lzi) ^^ +&C.) =g. (l + » i) nearly. 

The effect of raising an observed quantity to the power n is 
therefore to increase the proportional error, e i q^in the pro- 
portion 1 : n. Since all such errors are increased in this pro- 
portion, the proportion which the probable error bears to the 
quantity which it affects must be increased in the same 
proportion. 

The effect of extracting the rfi^ root of a quantity is the 
same as that of raising it to the power 1 -^ n ; that is, the 
ratio of all errors, and hence that of the probable error to 
the quantities affected, is diminished in the ratio of n : 1. 

(o) General Method for finding the Probable Error of a Re- 
mit. The data from which results are calculated may gener- 
erally be expressed in the form ^i = 0i ± «ijy2=<^2 ± ^? &c« 
The result r is then calculated from the values Oi, Og, &c. 
Then the value o^ ± e^ is substituted, and a new value of the 
result ri is calculated. Next the original value o^ is em- 
ployed, but 02 ± ^2 is substituted for 0^ ; and the correspond- 
ing value of the result r^ is found, &c. The differences d^ = 
ri — r ; efg = ^2 — ^1 &c., represent the magnitude of the 
errors in the result due to the probable error in the several 
data. We have accordingly, from the law of mean squares, 
for the probable error (p) of the result 



p=^d,^ + d,^ + &c. (1) 

(p) Method for Determining the best possible Distribution 
of Time, It is generally easy to see, from expressions for 
the probable error of a result, which of the data have the 
greatest influence upon the result The number of observa- 
tions upon which such data depend, should evidently be in- 
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creased, other things being equal, in preference to observa- 
tions for the less important data. Let us suppose, however, 
that such observations are exceedingly difficult, or that the 
number already made is so great that little comparative ad- 
vantage can be gained by spending upon them an additional 
(limited) amount of time. The question then arises, would 
it not be better to spend the same amount of time upon some 
of the less important data ? 

The question is one to which it is easy in most cases to 
give at least an approximate answer. First decide how much 
time can be spent ; estimate from the results of experience 
how many observations of each kind can be made in this 
length of time. Calculate the diminution of the probable 
error in the ease of each of the data due to the additional 
number of observations, and find as in the last section, the 
corresponding reduction in the probable error of the result. 
That distribution of time is of course the best which gives 
the greatest reduction in this probable error. Certain prac- 
tical rules concerning the distribution of time will be found 
in § 49. 

(q) Method of Least Squares, We have seen that the 
mean square of the errors of observation is an indication 
either of the number or of the magnitude of the sources of 
error. We make use of this fact in estimating the relative 
accuracy or inaccuracy of different methods of observation. 
Tbkt method is, other things being equal, the best which 
makes the sum of the squares of the errors the least. 

In calculating errors we have to assume more or less 
knowledge of the true value of the quantity observed. Any 
error in such an assumption introduces a new (apparent) 
source of error into the observations. It therefore tends, on 
the whole, to increase (apparently) the mean squares of the 
errors. Of two assumptions, we choose therefore, other things 
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being equal, that which makes the sum of the squares of the 
errors of observation appear to be the least. 

Let us take, for example^ the case of a brass rod, the length 
of which was found to be 1000.0 mm. at 0°, 1001.7 mm. at 
100°, and 1004.0 at 200°. The most probable value of the 
coefficient of expansion in such a case evidently lies between 
the maximum value observed (0.000023 from 100° to 200°) 
and the minimum value (0.000017 from 0° to 100°). The 
most probable value of the length of the rod at 0° lies more- 
over between 999.4 mm. (which would correspond to a length 
1001.7 mm. at 100° and a coefficient of expansion 0.000023) 
and 1000.6 mm.\ which would correspond to a length 1004.0 
at 200° and a coefficient of eifpansion 0.000017. Let us as- 
sume that the length at 0° and the coefficient of expansion 
are half-way between these limits, that is 1000.0 mm. and 
0.000020 respectively. The length at 0°, 100°, and 200°, 
should then be 1000.0, 1002.0, and 1004.0, respectively. 
This would make the errors of observation (expressed in 
tenths) 0, — 3, and 0, respectively ; hence the sum of the 
squares would be 9. The sum of the squares in this and 
other cases is shown in the table below : 

.000017 .000018 .000019 .000020 .000021 .000022 .000023 



999.4 


216 


161 


116 


81 


66 


41 


86 


999.6 


171 


122 


83 


64 


36 


26 


27 


999.6 


132 


89 


66 


33 


20 


17 


24 


999.7 


99 


62 


36 


18 


11 


14 


27 


999.8 


72 


41 


20 


9 


8 


17 


86 


999.9 


61 


26 


11 


6 


11 


26 


51 


1000.0 


36 


17 


8 


9 


20 


41 


72 


1000.1 


27 


14 


11 


18 


35 


62 


99 


1000.2 


24 


17 


20 


38 


66 


89 


132 



1000.3 27 26 35 54 83 122 171 

1000.4 86 41 56 81 116 161 216 

1000.5 51 62 88 114 165 206 267^ 

1000.6 72 89 116 153 200 267 824 
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The smallest value in this table is 6, corresponding to the 
coefficient of expansion .000020, and a length at 0° equal to 
999.9 mm. The most probable assumption which we can 
make, therefore [without considering values intermediate be- 
tween those given in the table], is that the length of the bar 
really was 999.9 mm. at 0° and that its coefficient of expan- 
sion was .000020. 

The validity of this conclusion evidently depends upon the 
truth of the assumption that the bar has a constant coeffi- 
cient of expansion. 

The three observations given above indicate that the co- 
efficient of expansion is greater from 100° to 200° than 
from 0° to 100° ; but in the absence of a greater number of 
observations, there is no way of testing the truth of this 
indication. Any theory in regard to the variation of the 
coefficient of expansion would in general be investigated by 
the method of least squares. 

It is of course unnecessary in practice to tabulate more 
than a few values, in order to see where the least square lies. 
This method of approximation is not necessarily longer than 
the calculus methods ordinarily employed ; and has the ad- 
vantage (which the teacher will see by referring to examples 
in well known text-books) of giving in many cases a more 
accurate result. 

(r) Advantage of the Arithmetic Mean. If m is the arith- 
metic mean of n observed quantities, Oi, Oj, . . . o„, affected 
by like sources of error, and if the differences of these quan- 
tities from the mean are di, c?2> • • • <^nj we have Oi = m -j- <?! ; 
Oj = m + (^2 ; • • • Oa = w + {f„. Hence, adding and divid- 
ing by n, we have 

wi = (oi+02+ • • • +o„)-^w = 

(m 4- c?i + wi -[- dia + . . . + ^ 4" ^n) -^ » 

= m + (d^ + d,+ .. . +d,)^n. 
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It follows that rfi + rfg+ . . . +cfa = o. The mean square 
of the differences from the mean m is 

The mean square of the differences from any other value 
differing from m by the amount e is 

{2die+2d^e+ . . . + 2rf„ e)] -f- w 
= ,^+e^ + 2ne{d,-^d,+ . . . +d;,) -5-n. 

The last term in parenthesis is, as we have seen, equal to ; 
hence we have simply 

E^ = 6« + e\ 

That is, the mean square of the differences between the re- 
sults of observation and their arithmetic mean is less than 
the mean square of the differences from any other value. 

It follows from the principle of least squares that the arith- 
metic mean of a number of observations affected by like sources 
of error is the most probable value of the quantity observed 
which can be derived from these observations, 

(s) Weight of different results. Let us suppose that on 
one day we have made 20 observations of the boiling-point 
of some alcohol, the result being 78°.58 ± .06 ; and that on 
another day we have made 80 observations in exactly the 
same manner, with the result 78°.48 ± .03. It follows from 
the last section that the most probable value of the boiling- 
point is that obtained by adding the total 100 results together, 
and dividing by their number (100). Let us suppose, how- 
ever, that the original observations are lost. It is seen, never- 
theless, that the sum of the first 20 must have been 20 X 
78°.58, or 1571.60 and that the sum of the last 80 must have 
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been 80 X 78.48, or 6278.40. The total of the 100 obser- 
vations must, therefore, have been 7850.00, hence the aver- 
age is 78.50. 

The number of observations of a given sort represented in 
a result determines what is called the weight of the result 
Evidently if the weights of several data r^ rj, &c., are Wi, 
W2, &c., the most probable value of the result, B, is 

t^i -f- *^2 + *^^* 

Now let us suppose that the number of observations upon 
which different data depend is unknown. We have, for 
instance, 

ri = 78°.58 ± .06 

ra = 78^48 ± .03 ; 

it follows from the rules of probable error that the last result, 
having one half the probable error of the first^ represents 
four times the number of observations, hence if we call 
Wi = 1, iTa := 4. This gives 

^_ 78-.58-f4x78-.48 _^,o,^ 
4 + 1 

as before. In the absence of any better indication of. the 
relative weights of different results we may accordingly esti- 
mate these weights Wi, w^, &c, from their probable errors 
Ply P^ <&<^*9 hy means of the formulae, 

W?i:= 1 -T-pi', «?2= 1 -r-p^y &C- (2) 

It is customary to extend this principle even to cases where 
results are known to be affected by unlike sources of error. 
The weight of a result is defined in general as the reciprocal 
of the square of its probable error. 

35 
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PBOOPS OP PORMUL^. 



(a) Centrifugal Force. When a body of mass m and 
velocity v in the direction AB is caused by a force/ to move 

along the arc of a circle 
-^ A OD, for a short time, 
t^ it reaches a point C 
such that A 0= vt. In 
the same time it is de- 
flected in a direction at 
right angles to its origi- 
nal course through a 
distance BG^ which by 
the law of falling bodies 
(§ 108) assuming the 
force to act constantly 
in the direction BO, is 




BC^k(l)i 



the expression {f-r-m) taking the place of g. Drawing 
the diameter AD, and the chords -4 (7 and DO, we have by 
similar triangles 

BG : AC :: AO : AD. 

Substituting for BG its value from the formula, for AC \\a 
value (yt nearly), and for AD its value in terms of the ra- 
dius (2r), we have 
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or 



J — f 
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(1) 



It is evident that the direction of the force is not constant, 
and that, as the chord AQ \% less than the arc, the former 
cannot be exactly equal to vt. We may, however, consider 
arcs so small that the change in direction of the force and 
the difference in proportion between the arc and its chord 
become less than any assignable quantity. The formula 
above is therefore exact. 




A second demonstration of this formula depends upon the 
method of representing changes in velocity (§ 105). Let 
-4, By C7, &c., be the velocities of the moving body at differ- 
ent points in a circle of radius r, and let A\ B\ (7', &c., be the 
same when arranged so as to start from a common point, 0. 
The difference in velocity between A^ and B' is represented 
by the line A'B^ ; between B' and G\ by BC, &c. Hence 
the perimeter of the figure A^B^ G^ . , . A' represents the 
total change of velocity in one complete revolution. 
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This method of representation would be exact if the ve- 
locity changed ahruptly from A' to ^', from J5' to C, &c. In 
point of fact, it goes through every possible intermediate 
value. The real change of velocity is evidently equal to the 
perimeter of the circle A^B' G^ , . . A^y rather than that of 
the polygon. Let 2t be the time of one complete revolution ; 
then since the radius of the circle in question is v, the total 
change ^in the time 2t is 2irVy and the acceleration (a) or 
change of velocity per unit of time is 

27rt; irv 



2t t 

At the same time the velocity, v, of a body making the cir- 
cuit of a circle with radius, r, in the time, 2^, is 

27rr TT , IT V 
= — ; hence — 



2t t t r 

Substituting this value, we find 

The force (/) required to give this acceleration (a) to the 
mass {m) is according to the general definition (§ 12) equal 
to the product pi the mass and acceleration ; that is, as 
before 

•^ r 

The force f, which is exerted upon the body by some re- 
straint, is evidently directed toward the centre of the circle 
in which the body is revolving, and is called accordingly a 
centripetal force. According to the general principle of ac- 
tion and reaction, an equal and opposite force is exerted by 
the body upon the restraint. This is called a centrifugal 
force. 
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(h) Rotary Pendulum. When a body of mass m, sus- 
pended by a cord AB (as in the figure), revolves about the 
centre, C, of a circle of radius, r, under a force of gravity 
equal to g dynes per gram, the centripetal force exerted by 
gravity is, by the principles of the composition and resolution 




stated in § 105, equal to mg X ^ -f- -4(7, or, calling AG = 
/, and B0=. r, 



/■- 



mgr 



(1) 



Now from the last section, if the time of a complete revolu- 
tion is 2^, the velocity v is 
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2'nr irr 

and the centripetal force is 



ir^flT 



' 7 


- r{t) e ' 


Equating the two values of/, we have 




tngr n^r 


or, cancelling m and r, 


and multiplying by I, 




9— ^ , 


from which we find 




-^ 


(3) and 1 = ^ 



(2) 



(4) 



We note that the distance I b not the length of the pendulum, 
but its vertical component. When the displacement (/•) is 
small, / may, however, be considered (practically) equal to 
the length of the pendulum. 

(c) Simple Pendulum, The force / acting upon a rotary 
pendulum at any point B of its orbit is from the last section 
equal to mg X BG -r- AG. The component of this force 
in the direction of a given diameter F£ is represented by 
the line -DC in the figure. The distance passed over be- 
tween the points F and B is equal to the arc FB; the 
component of this distance in the direction of the diameter 
ibFI). 

In the case of a simple pendulum, vibrating in the direc- 
tion of the diameter FjE, the distance passed over is (neglect- 
ing the difference between a small arc and a straight line) 
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equal to FD (nearly). The horizontal component of the 
force urging it in the direction i>(7 (again neglecting small 
differences owing to curvature in the path FE) is equal to 
mg X ^ -^ Jj^ (nearly). 

Now let the simple and rotary pendula start together at F; 
since both are urged toward E with the same force, the com- 
ponents of velocity acquired in a given length of time will be 
the same. The projection D of the conical pendulum upon 
the diameter FE will therefore coincide with that of the 
simple pendulum. Starting at any point with the same com- 
ponent velocity, and 
urged forward by the 
same compouent forces, 
and having the same 
components of distance 
to traverse, the two 
pendula will evidently 
arrive at or opposite C 
at the same time, or 
allowing for curvature 
of the path ¥G, at 
nearly the same point 
of time; and in the same way, both will arrive at E at 
(nearly) the same instant. In other words, the time of a 
simple pendulum is nearly the same as that of a rotary 
pendulum. 

When the arc of oscillation is very small, we may con- 
sider the oscillations both of the simple and of the rotary 
pendulum to be confined to a given plane, hence we have as 
before 




9 = 



1^1 



0) 



'=V] 



(2) 



and l = ?^„. 
7r» 



(3) 
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(d) Compound Pendulum. Multiplying both g and I in 
the last two equations by ml, we have 

mlg ^-,and< = .y/_. (1) 

The quantity mlg, or mg X h is called the directive force (JD) 
exerted by gravity upon the pendulum ; the quantity rrd^ is 
called the moment of inertia {K) of the pendulum. Sub- 
stituting these values, we have 

^=^ 0) <"•<=- v^f- (2) 

When a pendulum of length I and mass m is deflected 
through a small distance r, the force brought to bear upon it 
is, as we have seen, equal to mgr -— /. This corresponds to 

a couple (mgr-^l) X I, or mlg X (j\ Substituting for 

the angle (r-i-l) its value in circular measure, a, we have 
for the couple c, 

c = mlg X a = 2) X «• 

The "directive force" (Z>) determines accordingly the 
couple which is brought to bear by gravity (g) when a mass 
(m) at the end of a lever-arm (I) is deflected through a given 
angle. The "moment of inertia" (mP) represents the 
couple necessary to give to a mass (m) at the end of a lever- 
arm (I) a unit angular velocity. This couple is evidently 
equal to the product of the mass (m) and the square of the 
lever-arm (Z), because the force which must be exerted is the 
product of the mass (m) and the velocity (/) acquired; 
hence the couple, or product of the force (ml) and lever-arm 
(/), is equal to ml\ 
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It is evident that if two bodies when deflected through a 
given angle are subjected to the same couple, and if the 
same couple produces the same angular acceleration, the 
time of oscillation must be the same. The formula above 
must apply, therefore, to compound as well as to simple 
pendula. 

(e) Reversible Pendula. Let a pendulum of mass M^ and 
moment of inertia K = Mk^ about its centre of gravity, be 
suspended from a point at the distance x above the centre of 
gravity ; then the directive force is 

D = Mxgy 

and the moment of inertia about the point of suspension is, 
as will be proved under {j). 

K=MJi^ + Mx', 

where k represents the radius of gyration about the centre of 
gravity. The time of oscillation, t, is then 

^ = -V:D="V Mxg ' 
Substituting 1= ~ , we have 



-a- 



where from the resemblance of the formula to that of a 
simple pendulum, / is called the length of an equivalent 
simple pendulum.^ 

Let us now suspend the pendulum at a distance y from 
the centre of gravity such that 

^ The length I is equal (by definition) to the distance between the 
centres of suspension and oscillation. 
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x4-y = <, ory = « — «= — ! — — x = —.. 

X X 

Then we have 

V Mt/ff 



Mk- 



+-(!)' 



X 



^ AW xg ^ xg 9 

There are, accordingly, two distances, x and y, from the 
centre of gravity which give the same time of oscillation. 
We notice that xy = ^^, also that a; + y = ^« ^U therefore, 
two points of suspension at the unequal distances x and y 
from the centre of gravity and on opposite sides of it are 
found to give the same time of oscillation, the length I of the 
equivalent simple pendulum may be found by measuring the 
distance between the points in question. 

(/) Errors of Adjustment in the Reversible Pendulum, 
Let the pendulum of the last section be suspended from a 
point at a distance x^ z=ix -\- e from the centre of gravity. 
The corresponding value of y is 

y = ^ = -5r- = - fl - nearly, 
x' x-\- e X \ x) 

if c is a small quantity. Hence the length (Z') of the equiva- 
lent simple pendulum is 

\ X f X 

In the same way, if the pendulum be suspended from a point 
at a distance y^' •=y — e from the centre of gravity, the 
length of the equivalent simple pendulum is 
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y 

Calling the distance between the two points of suspension /, 
we have 

/ = x' + y = (a: 4- c) -f (3^ — c) = a; + 2^; 
hence we find 

X X 

Vi-l = x + y + filZ^ - (x-\-y) = ^^^Z^, and 

ex — ey 
I' — I X y t' — t f , V 

■ • 

y 

assuming that the effects of small errors upon the time of 
oscillation are proportional to the effects upon the length of 
an equivalent simple pendulum. 
We have, accordingly, 

ytl^ — yt-izixt^ — xi, 

xt—yt=iQct''—yt^f=^ {x — y) t'+yt' — yt". 

Hence finally, 

t = tf -{- y («' — <"). 
x — y 

We notice that 

either «" > t' > t, or <" < t^ < t ; 

in no case is t between V and V. 

It may be observed that if x and y are equal, the expres- 
sions for Z, Z', and /" become identical. In other words, the 
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pendulum does not respond under these conditions to a slight 
change in the points of suspension. To obtain accurate re- 
sults, X should be several times greater (or less) than y. 

The formulae for the moment of inertia of a compound 
pendulum are established only for parallel axes ; hence it is 
important that the axes passing through the two centres of 
suspension should be parallel. It is also important that the 
centre of gravity should lie in the plane of these two axes ; 
if it does not, the dislocation should be allowed for in calcu- 
lating the sum of the distances x and y. 

(g) Torsion Pendulum. The moment of inertia of a 
(thin) ring about its axis is evidently equal to the mass M of 
the ring multiplied by the square of its mean radius JR, for 
the whole mass of the ring is situated practically at the dis- 
tance E from the axis (see (^)(1)). The directive force, i), 
of a wire which gives to a ring of mass M and mean radius 
E a time of oscillation, t, is therefore, according to sec- 
tion (d) formula (1 ) : — 

i>=^ (1) 

The directive force, D, corresponds, as we have seen, to the 
couple required to produce a unit deflection in circular meas- 
ure. The "coefficient of torsion" for 1° is evidently found 
by dividing the directive force D by the number of degrees 
in 1 circular unit of angle — that is 57^.29578, or 57°.3, 
nearly. We have, accordingly, in general 

T=z^ = ^^ (2) 

57.3 180^2 - V ^ 

(h) Magnetic Pendulum. When a magnet with poles of 
the strength ± s, separated by a distance /, is suspended so 
that it is free to move only in a horizontal plane, we need 
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only to consider the forces exerted upon it by the horizontal 
component of the earth's magnetic field, which we will say is 
equal to H dynes per unit of magnetism. The two forces 
are accordingly ±, s yi H. 




If the poles are relatively deflected east and west through 
a distance r, the couple tending to restore them to the mag- 
netic meridian, MM,\^sX HXr,ov{8 XlXff)X (r-i-l). 
The ratio r : / here determines (approximately) the small 
angle a in circular measure through which the magnet is 
deflected. The product s X ^ X ^ corresponds accordingly 
to the product, D = miff, in the case of a compound pendu- 
lum. Since the product of the strength (s) and distance (Z) 
between the poles of a magnet determines its moment M, we 
have, substituting (see (<f), (1)), 

where K is the moment of inertia (see k) and t the time of 
oscillation of the magnet. 

(i) Magnetometer. Let a magnet with poles of the 
strength ±, s^ separated by a distance I, be brought near 
a compass needle as in Fig. 200, IT 183. Let d be the mean 
distance of the poles from the needle. The nearer pole, be- 
ing at a distance d — ^ /, will create a field of force j^, 
such that 



/ 



_ ±s 
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The further pole will create a field /", such that 

fit j;^ ^^ 

The resultant field F is 

•^ ^-^ ^ \(d — il)^ (d+^iy/ 

\{d—iiyx(d+ii)y 

_ . d^ + dl+lP-(d!^-dl+iP) _±2sl . 

neglecting P in comparison with d\ 

Now if .ff is the horizontal component of the earth's field, 
and a the deflection^ we have 

F=Htana. 

Equating the two values of F and substituting ilf for si we 
have 

H tan a ^ — =- • 
d^ 

OT^=zid!^tana. (1) 



We have already found in the last section. 



MH='^^ 



M 

multiplying the values of -== and MH together, we find 
11 

whence Jf = - V^^eP tan a. 
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M 

Dividing the value MHhj that of — , we find 






t^d^tana 



whence 






(2) 



Instead of rf' in these formulae, we should strictly substitute 
d^ — dp -^ 11^ -r- d. The last term may almost always be 
neglected. 

(y) Moments of Inertia about Parallel Axes. The mo- 
ment of inertia (K) of a body about a given axis may be 
defined as the sum of the moments of inertia of the separate 



Y 



1 A 


Y 


1 


q^^^y \ X 




*' . . i* ' 



cu 



X' 



masses of which it is composed. That is, denoting a given 
mass by m, and its distance from the axis by r, 

K^^mT^^ (1) 
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or, if we consider the total mass, M^ of the body as divided 
into small equal masses, m, 

K=M'? = Ml?, (2) 

where h is the '^ radius of gyration " about the axis (or the 
radius of the mean square). Denoting by x and y the dis- 
tance of m from two rectangular planes passing through O^ 
we have, substituting 



iT = if r« = i!/ (a:^ + y«) = if (a:^ + ^) . 

In the same way, the moment of inertia about a parallel axis 
O'y at a distance OC/ =^c from 0, is determined by the dis- 
tances X -\- a and y -\- h from two planes O X^ and 0' T^ 
at distance h and a from OX and J) so that a^ + i^ = c^ 
We have accordingly 



K' = if (r')^ = if (xO^ + (yO' = ^(^ + «)' + (y + ^) ' 



= ifx2+.2aa: + a2 + y2-}-2fty + 62 
= if (^3 -(.p-j-'2^ -j- % ^"^ + 5^. 

Now if contains the centre of gravity, we have by defini- 
tion a: = and y = 0, hence 2aa: = and 2hy = ; this 
gives 

Mk^-\-Mc^ = K-\-Mc^ (3) 

It follows that the moment of inertia (K) of a body of 
mass M about an axis passing through the centre of gravity 
is less than that (K') about any other parallel axis at the 
distance c by the amount Mc^, which is equal to the moment 
of inertia of the whole mass if concentrated at a single point 
at the distance c from the axis. 
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The quantity Mc^ represents the difficulty of causing the 
centre of gravity of a body to begin to rotate in an arc of 
radius c. The quantity Mr^ or Ml?^ represents the difficulty 
of making a body begin to rotate about its own centre of 
gravity. When a body begins to rotate about a given axis 
.and also about its centre of gravity at the same time, both 
sources of difficulty are met. 

(^) Ccdcvlation of Moments of Inertia, The moment of 
inertia of a small mass m, at a distance / from its axis of 
revolution, is by definition mP, The moment of inertia of a 
thin ring of mass M and mean radius E about its axis is ac- 
cordingly MIP^ for the ring may be thought of as composed 
of n small masses of the magnitude w, and such that nm = 
if, each of the masses being situated at a distance R from 
the axis of revolution. Since the moment of inertia for each 
mass is mE^, the total is « X ^E^ or (nm) E^ or MEK 
Hence we have 

K=ME^. (1) 

The moment of inertia of a long thin bar of length / and 
mass M is evidently less than M X (i^)^9 because the whole 
of the weight is not situated at the end of the bar. The 
moment of inertia increases in fact according to the square of 
the distance x measured from the centre of the bar outward. 
Hence, applying the method of averages, we find for either 
end of the bar 

2 2 a:^ * 2\2/ ' 

or K=^ML^ (2) 

The moment of inertia of such a bar about an axis at a dis- 
tance a from its middle point is, according to the last section, 

36 
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Kzzz^Mn' + Ma^ (3) 

A bar of length L and breadth B may be considered as 
composed of a series of thin parallel bars of length /, each 
having a moment of inertia ^MU -j- My^^ depending upon 
its distance y from the axis. Imagining such a bar to be di- 
Tided longitudinally into halves by a plane passing through 
the axis, we find, averaging for either half, 

Q B Q B Q B 

whence K = ^^M {U + W) . (4) 

The moment of inertia of a thin ring of radius r about one 
of its diameters as an axis is found by averaging the square of 
the distance (rnn a;)^of points subtending all possible angles 
X from the centre of the ring, and multiplying by the mass 

M of the ring. Since «tVx = ^, (see IX, (y)), we find 
simply 

K=^MR'. (5) 

A thin disc of mass M and radius H can be regarded as a 
series of rings with increasing radius and mass. The mass 
of a ring of radius x bears to one of radius E (of the same 
breadth, thickness and density) the ratio x : R; and since 
the moments of inertia are proportional to the masses and to 
the squares of the radii, they are to each other in the ratio 
x^ : IP ; hence on the average the moment of inertia of a 
series of rings occupying a total breadth from to i? is to 
that of a series of the same breadth, all having the radius R, 
in the proportion (see IX. (A)), 
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x«-7-^» =|. (6) 

The area covered by a series of rings of the breadth E and 
radius jR would, however, be 27ri? X -^ = 2irE^ ; while the 
area actually covered by the rings is nE^ ; hence (assuming 
that masses and areas are proportional) the mass with which 
we have compared the disc is 2M. We conclude that the 
moment of inertia of the disc about its axis is 

K = \2MR^ = iMR^ ; (7) 

and for the moment of inertia of a disc about a diameter^ 

K=\2^I^=:\MR', (8) 

2 

The moment of inertia of a disc of mass M about a diam- 
eter can also be found by averaging moments of inertia cor- 
responding to a given distance x from the diameter. The 
moment of inertia of the disc about an axis parallel to the 
diameter and passing through the axis of the disc at a dis- 
tance L from it is, according to the last section, 

K=\MR' + ML\ (9) 

A cylinder with a transverse axis passing through its 
middle point may be regarded as a series of discs situated at 
regularly increasing distances x from the axis. The moment 
of inertia of any such disc is 

hence, averaging (see IX. (/)), we find for either half of the 
cylinder, 

§ 5 \ 

1 = i^IP + ^x^ = i^E^ + ^x» 
2 *2 ^2 '2 ^2 
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whence 
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(10) 



A sphere of radius R may be regarded as a series of discs 
of varying weight and radios. The weight of a disc at the 
distance x from the centre of the sphere bears to that of one 




of the same thickness at the centre the ratio ^ : B^\ the 
moments of inertia are proportional to the weight multiplied 
by the square of the radii, hence are to each other as ^ : R\ 
The moment of inertia of a sphere compared with that of a 
cylinder of the same length and diameter is therefore (see 

IX. (0), 



-/?- 



:±^ 



--B — -hlR 



+ « 



R" 



R* 



(11) 
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The volume of the sphere is — i? ; that of the cylinder 

o 

is 2^ X Ti?* = 2nB^; that is, IJ times as great as the 

sphere. Hence if the mass of the sphere is M, that of the 

cylinder is l^iKi^ and its moment of inertia ahout its axis is 

iXHMX I^^ = %ME^. The moment of inertia of the 

sphere, being ^ that of the cylinder, is accordingly, 



K=^XiMI^ = %MR.^ 



(12) 



(/) Coefficient of Viscosity, Let a tube of radius r and 
length / be filled with a liquid of which all is frozen except 
a tabular section of 
(mean) radius x, and 
unit thickness. Let p 
be the difference of 
pressure at the two 
ends of the tube, then 
the force on the core 
is j9 X TTX^ (nearly). 
This is resisted by a 
force equal to the ve- 
locity V of the core 
multiplied by the 
(mean) area of the opposite sur&ces of the tubular section, 
2irxl^ and multiplied by the coefficient of viscosity, 17. That 

is,— 

2irxrjvl = p-rrx^, whence 

px 

The quantity (or volume) q of (principally frozen) liquid 
which flows through the tube in the time t is 

q = TTX^t ; hence, substituting, 
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If now a new tubular section be melted, either inside or out- 
side of the former section, the relative velocity of all points 
within the new section will be increased as much as if the 
former section were solid, hence the increase in the flow will 
be represented bj the same formula as before. We may 
suppose all the sections to be melted one by one, each con- 
tributing a certain amount to the flow. If Q is the total flow, 
Q-i-r must be the average flow for each section ; hence we 
have (see IX. (^)), 



r 27^1 ' 2rjl' ^ 24 " 

Now if the pressure /> is due to a hydrostatic column of 
height A and density rf, and if the acceleration of gravity is 
^, we have 

V = 9^^* 

The weight of liquid delivered is, moreover, C X ^^ so that 

Making these substitutions, we have, solving for )/, 

_7rgMfH 
'^ Sid"' 

(m) Coefficients of Elasticity} When a unit cube is sub- 
jected on all sides to a pressure P, its volume is reduced by 
an amount v, given by the equation 

-^ 

1 The formulas here derived apply only to " isotropic " substances. 
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where Mia by definition the ^^ coefficient of resilience of vol- 
ume." The increase (/, b, and t,) of the length, breadth^ 
and thickness, are of course each equal to ^ v. That is, 

When a uoit cube b subjected to a pressure P on two oppo- 
site faces so as to diminish its length, and an equal tension on 
two other faces so as to increase its breadth, its volume re- 
mains the same (nearly); but the length and breadth are 
altered so that 

where S is by definition the " coefficient of simple rigidity.'' 
Since b aid / are small and nearly equal, we have 

l±l — l = l + b + l—l (nearly) =2i = 2/=^. 
1 — I tj 

p 

whence J = Z=^_. 

b 

When a unit cube is subjected simply to a pressure P in the 
direction of its length, the latter becomes shortened by an 
amount /, such that 

where Y is by definition *' Young's modulus of elasticity." 
At the same time the breadth and thickness increase by equal 
amounts, b and f , 

where fi is by definition '^Poisson's ratio." 



1152 



APPENDIX XL 



Now let a unit cube be subjected to the pressure 3 P in the 
direction of its length ; and let equal and opposite pressures 
± P be applied to each of its sides. We shall then have a 
uniform pressure, P, on each surface, tending to diminish the 
volume, combined with two pairs of equal and opposite pres- 
sures, P, one pair tending to increase the> breadth, the other 
pair tending to increase the thickness, and both pairs tending 




to diminish the length. Hence we have, adding the three 
effects upon the length together, 

We have also, remembering that the total longitudinal pres- 
sure is 3P, 
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hence, equating the two values of P, and dividing through by 

By means of this equation either one of the coefficients 
Y, M, ov S can be found if the other two are given. If S 
and Jf are proportional to the numbers 6 and 10, for instance, 
Y is represented by the number 15. 

The increase of breadth and thickness can be found in the 
same way as the length, remembering that only one pair of 
equal and opposite forces tends to increase each, and that the 
effects of compression tend to diminish the result. We have 





J' = 


="=*J- 


4- 




ig V (or 


/')by 


/', we find 
P P 






V 






SJIf—2S 
~ 6M+2S 



(2) 



It is seen that if S and M are proportional to the numbers 
6 and 10, /x = i- 

(n) Shearing Stresses and Strains, Let a unit cube be 
acted upon by two equal and opposite pressures, P, tending 
to reduce its length, and by two equal and opposite tensions, 
also equal to P, tending to increase its breadth. The result- 
ants may evidently be represented by two fwces, OD . . . and 
OA^ . . . each equal to V2 X P' These tend to make the 
two halves of the cube slide relatively in the directions AD 
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and DA. This tendency is resisted by the plane AD, the area 
,of which is V 2. Hence the intensity of the tangential or 
"shearing " stress is V2~X P -5- Vl" = P. 

We have seen that if ^ is the simple rigidity of a body 
subjected to a pair of stresses at right angles equal to ± P, 




the dimensions of a unit of length become altered by the 
amount 

If, therefore, the stresses are exerted along the diagonals of 
the cube {AOD and BOC) one of these diagonals, AOD for 
instance, will be shortened, the other lengthened by the 
amount V2 X I (since the change of length is proportional to 
the distance affected). It follows that AA\ DD\ &c., being 
equal to one half the change of length in each case, are all 
equal to \ V2"x h or 
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From P, wbere A G and A^ (? intersect, draw a perpendicu- 
lar PA'" to BA' and PC" to XyC; sjxd let AG cut B'A' 




and D'G^ at -4" and (7". Then, by construction, in the 
(nearly) isosceles right-angled triangle AA"A', 

A^Aff = Vi XAA' = Vi X i Vi ^ = J J(nearly). 

We have also, by construction, 

AfAff = Af'A"f = OfC" = G^^O"f (nearly), = ^d, 

where d is the total dislocation of the side A^B^ with respect 
to (7'Z)', which, since the distance between the sides is 1, is 
equal to the tangental or ^ shearing " strain. Hence we have 
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p 

d = AAA* = —- (neaiiy). 

o 

or S = ^. 

a 

We have seen that P represents the shearing stress, d the 
shearing strain ; S is the '^ simple rigidity." It might also 
be called the ''modulus of shearing." 

The constant S in formulae involving transverse stresses 
and strains evidently takes the place of Young's modulus in 
formulse where these stresses and strains are longitudinal. 

(o) Coefficients of Torsion. In a thin tube of length /, 
thickness t, and mean radius r, the cross-section is ^irrt, and 
if the angle of torsion is a in circular measure, the twist per 
unit of length is a -7- /, so that two points at the unit dis- 
tance (measured longitudinally) are dislocated through the 
distance r X a -^ ^. The force necessary to produce such a 
dislocation between surfaces of the area 2irrt is 

/= 27rr< X r X a -5- / X ^, 

where S is the " coefficient of simple rigidity." The couple 
required is accordingly 

c =/ X ^ = ^TrSr^ta -^ /. 

The " directive force " (d)y or ratio of the couple to the angle 
of torsion' in circular measure is 

A cylindrical rod (or wire) may be considered as a series of 
tubes with radii varying from to r. The directive force 
for each tube is less than that of a tube with the radius r 
in the proportion a' : r* / hence the directive force of a rod 
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is less than that of a tube with a radios and thickness equal 
to the radius of the rod in the proportion (see IX. (A)), 

r 

Now the directiye force of tube of radius r and thickness 
r would be 

hence that of the rod b (see section (d) formula (1)) ; 

i,= i.!![^ = |..^. (1) 

Qftf) 

Dividing the directive force by --— (the number of degrees 
in 1 unit of angle), we find the coefficient of torsion per degree, 

Tz=^ = J!^ -^ (2) 

360 360* / ' ^ ^ 

Given JD or T, the coefficient of simple rigidity, 5> may evi- 
dently be found by the formula 

If the directive force 2) is determined by the time of oscilla- 
tion t oia, body of moment of inertia K, we have, substituting 
the value of I>, namely ir^K -5- 1^ (see section (d) formula 

(1)). 

S=^f. (4) 

(p) Transverse Elasticity. Let a beam consisting of two 
thin rods, AD and EH, of length Z, breadth j5, and Unit 
thickness, be bound in some light inelastic material except- 
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iDg the unit leogths BG and FG^ which are at a distance / 
from the ends of the rod, and at a mean distance t from each 
other ; and let a transverse force p applied at the end of the 
rod produce a deflection Diy = d. 




'//////////A 



Drawing COG parallel to B'F^ and bisecting CO^G^, so 
that OC =z OG' = i t, we have from (nearly) similar 
triangles, 

COf :0O ::GG:OG ::d:l, 



or 



CC'= GG = itd-i-l 



The forces brought into play by stretching the rods BO and 
FG of unit length and with the cross-section B are, if 
Young's modulus is Y, 

f=±CCf X BY= ± itBYd -f. /, 
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and the couple produced is 

C=fXt={^tBTd-^l)Xt = \^BYd^l 

This couple must be equal to that due to the force p on the 
arm I, hence 

pXl=^ it^BYd -h I, whence 

t^Bd' 

It would be possible to find Young's modulus by this for- 
mula (remembering that the result is to be multiplied by the 
length BG and divided by the thickness of the rods, if these 
are not unity) ; in practice we employ, however, a solid rod, 
of thickness T, which we may consider as composed of a 
series of pairs of rods of the unit thickness, equal in number 
to ^2^. If the total couple produced by these rods is (?, the 
average couple is evidently O -r- ^T, or 20 -i- T. Hence 
we have (see IX. (/)), 



T 



2G_ .t^BTd _, ^ T^BTd_.T^BYd 

from which, 

^_ \2Cl _ l2{Fxt)l _ 12FP 
BT^Y BT^Y BT^Y' 

where F is the force producing the couple C. Now suppose 
that the rod is released from its restraint to a distance L from 
the free end, each portion contributing an amount d to the 
total deflection D^ due to the bending of all the portions. 
The average deflection due to each unit of length of the rod 
being i) -5- Z, we have 
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L 






_ 12 X W — 4i^Z^ 



from which we find 



7= 



BT^T 



^FD 



BT^D 



When a rod of length Z, breadth h^ and thickness U supported 
at both ends and loaded in the middle by a force /^ is deflected 
through a distance d^ each support reacts with a force F = 
iy, and since the middle of the rod remains horizontal, the 
length bent is Z = ^^. Substituting these values we find 

(q) Longitudinal Wave Motion. The strata of a medium 
which in a state of rest would be equally spaced, as in the 
series (1), in the figure, are when transmitting a wav§ of 



tff'ihiimffiiiiMiiiM'i^^ 



sound, crowded together is some places, as A2, 02, BS, and 
Z> 3, and more or less separated in others. It is seen that a 
comparatively small distance traversed by the strata between 
(2) and (3) accounts for the apparent movement of the con- 
densation from A to B, We will suppose this apparent move- 
ment to continue indefinitely with the velocity v, and that 
several imaginary points, a, b, c, &c., move with the same ve- 
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locity and in the same direction, so that one of them, a for 
instance, is always in the denser portion of the ^ wave/' while 
another point, ^, is in a comparatively rarefied portion. The 
number of strata traversed by a in a given length of time 
must be approximately the same as that traversed by b, for if 
a left many more strata behind it than b, the strata would 
soon become exhausted from between them, and if b left more 
behind it than a, there would be an indefinite condensation 
of strata. Both of these suppositions are contrary to the 
conditions which we have assumed. Now if n' is the number 
of strata per unit of distance at a, n" the number at b, v the 
velocity of the points a and b, v' that of the strata at a, and 
t?" that of the strata at h, the relative velocities are v — t/ 
and V — v" respectively \ the number passed by a in the time 
t is (t; — r') n't; and that passed by h is (v — v'') nJH; hence 

(v — r') n't = (v — vf) n'ft. 

Now the densities of the medium, d^ at a, and d^' at b^ are 
evidently proportional to the number of strata per unit of 
distance, hence 



r — v' __ nff_d'' 




from which we find 




v — v' .j_rf"_i_t*" — t'' 


dff — df 


v — v" d' v — vf 


df ' 


or -^. = = — = — . 





dff — d! 

Now if d' represents the mean density, (f, of the medium and 

v' the corresponding velocity, which, in the absence of any 

motion of translation [e. g. wind] we will assume to be 0, 

we have, substituting, 

37 
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g'^— 0_t>— v" 



d" — d 



(1) 



That is, the velocity of a given particle is to the velocity of 
the wave as the differeDce in density from the mean density 
is to the mean density of the medium. We notice that in 
the denser portions of a wave the particles are moving with 
it; but in the rarer portions they are moving against it. 
Under these conditions only is longitudinal wave- motion 
possible. 

(r) Velocity of Sound in Air. Let 1 and 2 in the figure 
be two points on opposite faces of a centimetre cube of air. 



-> 



\t_\ 



-> 



where the pressures arej»i and/^g, the densities di and d^, the 
velocities of the particles Vi and Vg, respectively. Then if 
a wave of sound moves from 2 to 1 with the velocity t?, it 
will occupy a time t in traversing the (unit) distance in ques- 
tion such that 

V 

The forces acting upon the two faces of the cube p^ and ;?i, 
being opposite in direction, have a resultant / in the direc- 
tion of the wave motion, 

f=P2 — Pl' 
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The mass acted upon is numerically equal to the density of 

the air, 

m=^ d (nearly) . 

The velocity acquired is equal to the difference between the 

original velocity^ Vi at the point 1 and the final velocity^ 2;2, 

which with the other properties of the point 2 are carried to 

the point 1 by the progression of the wave. We have, 

therefore, 

A vz=Vi — Vi. 

Substituting the values of t,f, m, and At?, in the formula 
expressing the general law of motion, 

/X< = »»X At?, we have 

Substituting for V2 and Vi their values from the last section, 
namely 

t?2 = ~ (d2 — d) and t?i = 3 (di — d) we have 
d d 

= V (dz — di). 



Hence we find 



v^=5lz:^. (1) 

02 — di 



If air suddenly compressed obeyed the law of Boyle and 
Mariotte (as Newton wrongly supposed), we should have 

P : D :: p^ : d^ :: pi •• c?i :: p^ — pi -' : c^ — </i, &C. 

In fact, however, so much heat is developed by sudden com- 
pression that the increase of pressure is, in the case of air, 
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about 1.408 times, and in general k times as great as it 
would be according to the law of Boyle and Mariotte. We 
have acoordinglj, 

d^ — d D ^ ^ 

Substituting for kP the symbol E^ representing the " coeffi- 
cient of volume resilience " we have finally, 

.=y|: (3) 

This formula applies to the velocity of sound in any medium, 
provided that E represents that modulus of elasticity which 
resists the dislocation of strata accompanying the propagation 
of the sound. 

In the case of a thin wire, we substitute for E " Young's 
modulus of elasticity," if the vibrations are longitudinal, or 
the '* simple rigidity " if the vibrations are torsional. 

(«) Index of Refraction of a Prism. When a ray of 
light, FGHI^ passes through an equilateral prism, AJL, in a 
direction GH^ parallel to the base, JL^ the angles KGH and 
KHG between the ra}^ and the normals BK and CK, are 
evidently each equal to the angle of refraction r. The sum 
of these angles (2r) is the supplement of BKC ; and the 
prism angle A is also the supplement of BKG; hence 

T^^A. (1) 

From the equality of the angles KGH and KHG within 
the prism, follows that of the angles BGF ajid CHI outside 
of the prism ; these are accordingly each equal to the angle 
of incidence, «. Now the ray of light is deviated at the 
point G through an angle D GF, and at H through an equal 
angle ; hence the total angle of deviation, 
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d=2DGF= 2{BGF—BGD) = 2(BGF—KGH) 
= 2(t-r). 



Hence 



i — rz=z^dj or» = r+irf=i-4+irf. 



(2) 



Sabstituting these values of % and r in the formula § 102, we 
have 



sin {^A) 



(3) 




{t) Index of Refraction of a Lens. When waves of light 
from a point B are brought to a focus at H^ it is evident that 
in a given length of time different distances are traversed by 
different portions of the wave. Drawing the arcs AFI and 
ADI with B and H as centres, also the straight line AET, we 
see that the path BAH is longer than BBHhj the amount 
DF, In the same time that light traverses a distance CG 
through the lens it passes accordingly through a distance 
GG '\- DF in air. The index of refraction is, accordingly, 

_ CG^DF 
^ CG ' 
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The object of the present investigation is simply to express 
DF and CO va terms of the radii of curvature B G and 
OG) and focal lengths (BE and HE) of the lens. We have 
by geometry 



<r 




-^ •€J-*f--^T^te -€- v>« 



{EF) = (AJEf -^ (BE) and (BE) = (AE^ ^ (BE). 
Hence 

BF=BE + EF= (AEf X (1 -5-/i + 1 -5-/2), 

where /i aud/^ represent the conjugate focal lengths. 
We have similarly, 

(CG) = (AEY X (1 -*■ BE+ 1 -4- &E) = 

(AEY X (1 -^ i?i + 1 -^ i?2) nearly, 

neglecting the relatively small distances CE and EG in com- 
panson with the radii Ri and ^2* Substituting these values 
and cancelling (AE)^ we find 



M 



_CG-^DF _\f,^f, ^ R,^bJ 



CG 



\B, + eJ 



Substituting ^^ for _.-{-__ (see § 103), we have, 
^ f\ h 
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F^ R R+2F . , ., R 



^ 
i? 



2F 
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(t/) Compound Lenses. Let the lens studied in the last 
section be cut in two in the plane AI, and the two halves 
made tangent at G-C, also let the space between the two 



B<- 




-o >^ 



halves be filled with a liquid having an index of refraction ^ 
less than /x. Then if t; is the velocity of light in air v -s- /Lt 
is its velocity in the lens and t? -5- /x' is its velocity in the 
liquid. The time occupied in passing through the distance 
EG '\-CW is accordingly 

{EGA^ CW) -^(ti'^v)=fx (EG + CE) -f- v. 

The time occupied in passing through an equal distance (from 
A toA^) through the liquid is similarly /u.' (EG-^- GE^) -t- v. 
The difference between these two times is compensated by 
the difference in the time required to pass through the dis- 
tances BA + A^H and BE -}- EH m air ; that is, the time 
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required to pass through the distance EF -\- DW in air. 
That is, 

= {EF^DEf)'^v, 

whence tf^a'^:^ ! . 

'^ '^ EG-\-GE> 

Substituting as in the last section, and cancelling (J-E)* we 
have 

EF + DE' = (AE)' (1 ^/, -I- 1 -4- /,) and 

EG + CF'=(AEy (1 ^ i?,+ 1 -5- B^) 

- + - - 






It follows that 



2^—^F 



M =M — * ri- 



»=' .-" 



B<- 




->y/ 



The same formula holds approximately for a lens mounted 
between two plates, the spaces being filled with liquid, for 
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the distances traversed through the lens, the liquid and the 
air are (nearly) the same. 

(v) Electrostatic Potential, Two hodies^ each charged 
with a unit of positive electricity, repel each other at the 
distance d with a force (/) such that 

The work (w) required to change the distance between the 
bodies from <^ to <4 is 

where 8 represents some mean between the distances di 
and d^. 

If we assume that the work IT necessary to bring the two 
bodies together from an infinite distance to the distance d is 
in general 

we have Wi = 1 -i- di, W2 = I -i- d^^ &c, whence by 
diflference 



did, e^ ' 

where d is the geometric mean between di and (^2* There 
can evidently be no great error in using tha geometric or any 
other mean when the distances are very small; and by 
dividing a given motion into a sufficient number of steps 
the proportional error in the estimation of w can be indefi- 
nitely diminished. Now the proportional error in sums can- 
not be greater than in the separate terms ; hence the general 
formula, TF= 1 -5- rf, must be exact The work W required 
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to bring a unit of positive electricity to a given point is called 
the electrostatic potential of that point We have seen that 
the electrostatic potential dae to one unit of positive elec- 
tricity at the distance d is 1 -s- <f ; that due to q units is 
accordingly 

When q units are distributed uniformly over the surface of a 
sphere of radius r, they act upon points outside of the sphere 
as if they were at the centre of the sphere. The potential 
of the sphere is determined by the work necessary to bring a 
unit of positive electricity up to the surface of the sphere, 
that is, to within a distance r of the charge ; hence we have 

c = ^ , and q =z er. 
r 

Let two spheres, suspended as in IT 258, be charged to the 
potential e; then we have 

q :=i q^ z=i er ^=^ er^ = ied = iec^. 

The force of repulsion is 



where s is the distance between the spheres. This is balanced 
by a force «r X S^ X i« -7- /; hence we have 

' --TdT' 
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whence. 






{w) Absolute Electrometer, Let P be a point charged 
with a unit of positive electricity, and AB an elec- 
trified plane near P 
charged with 8 units of 
electricity per unit of 
surface. Draw the 
hemisphere AQQ^ B, 
with unit radius and 
with P as a centre ; let 
q and Q be sections of the plane and hemisphere included in 
a small solid angle Q, and let Q' be a similar section such 
that PQ^ is normal to AB. We have, by geometry, 

qcosQPQ' _ Qf 




{Pqf 



{PQT 



Assuming that the hemisphere is also charged with s units 
of electricity per unit of area, the attractions of q and Q^ 
resolved in the direction PQ^ become 

^ {PqY ' {PQ'Y 

respectively. We have seen that these two quantities into 
which 8 is multiplied are equal. Since any two portions of 
the plate and hemisphere occupying the same solid angle 
exert the same attraction on the point P, supposing the section 
of the hemisphere to be transferred to Q', the whole plate 
must exert the same attraction as the whole hemisphere, neg- 
lecting a small portion near the edges, and supposing the 
whole transferred to QK Since the surface of a hemisphere 
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of unit radios is 27r, and the qoantity of electricity is s units 
per unit of surface, the attraction in question is 

2ir« -^ (PQy = 2irs. 

In the absolute electrometer in % 270, we consider the 
point P to be between two plates with equal and opposite 
charges of ± s units per unit of surface. Hence the force 
(/) or P is/= Atts, If the distance between the plates is 
d, the work required to take P from one to the other is 

/X d=i4^8d = e, 

where e is the difference in electrostatic potential. The 
charge on the upper plate, of area a, is s X <^i hence the 
force F is 

P= wg = 8 X aX 2Trs = 2Tr8^a. 

whence $ == l/^-^ . 

V 2'ira 

Substituting this value of s we find 

V 27ra V a 

(x) Capacity of Condensers. The electrical capacity c of 
a body is defined as the ratio of the charge (q) to the electro- 
motive force (e) ; that is the difference of potential which it 
produces, or by which it is produced. Since, in the case of 
a sphere of radius r,q = er (see (t?)), we have 

c=l=fL=r. (1) 

e e 

We have seen in the last section that the difference of poten- 
tial (c) between two plates charged with ± s units of elec- 
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tricity per unit of surface and at a distance d is A^sd, If 
the area of either plate is A^ the charge is 

qz=± Asy 

This {q) is the available charge of the condenser formed by 
the two plates ; for a flow of q units from one plate to the 
other would reduce the charge of each to 0. It follows 
that the capacity (7, or ratio of the charge to the difference 
of potential or electromotive force is 

0= i = AL^= a. . (2) 

e ^irsd 4t7rd 

The plates are here supposed to be separated by air, or by 
other material the specific inductive capacity of which may be 
taken as unity. 
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USEFUL FORMULiE. 

(a) Interpolation. 

Let -f- 3? = response of instrument to value A; — y = 
response to value A-{'a; s = sensitiveness := a; + y, 

9—^-t—' (§41) 

(b) Geometrical Formulae* 

Circumference c of circle of radius r, 

c = 27rr. (Tables^) 

Cross-section (q) of cylinder of radius r, weight w, density 
df and length ly 

w o 

^-Jd" ' (Table 3 6?) 

whence r=J± = Jj^. 

1 IT V TTld 

Volume V of sphere of radius r, and diameter d, 

v= J7rr» = J7rd»; (Table 3 ^) 

whence d = 1.2407 ^^ 
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(c) Hydrostatics* 
Mass My Density Z), Volume V, and Specijic Volume S, 

S=l-i S=— ; V=MSi M= ^ ; 
D=^ ;M=VD; F= J. 

Pressure p, due to vertical height A, of column of liquid of 

density rf, 

p = hgd. (§ 63) 

(d) Expansion. 

Seduction of volume V, and density JD, of a gas at tem- 
perature ^ and pressure p, to volume Vq and density Dq at 0° 
and 76 cm., 

A = i> X - X ?^=±-^ (Tables 18, ef-.; § 81)) 
p Zio 

Zat£75 o/ ^a««s, Ty Tq, 7\, T^a = absolute temperatures, 
V, Vqj vi, V2 = corresponding volumes, 
Pf Poj Pi P2 = corresponding pressures, 
(0) at 0°, (1) at 100°, &c. 

vp = VqPo = Vipi = Vajt^a &c. 

(Law of Boyle and Mariotte, § 79) 

T: To : Ti : T^ :: v : Vq : Vi : v^ &c. 

(Law of Charles, f 76, § 74) 
li z=. absolute zero, 

z = — 100*^ P^ == — lOO^' —^— = — 273°. 
Pi — j^o ^1 — *^o 

^ ^ (1[1[ 74-76) 
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Coefficient of expansion e (mean from temperature ti to ^s}^ 

' = vX-ti) (ff 63-74) 

Linear coefficient c (mean relative from ti to t^), 

(e) Calorimetry. 

«i $2, &c., =7 specific heats, 

iCi W2, &c., = corresponding weights, 

ti t^y &c., = corresponding temperatures hefore mixture, 

li l^j &c., = corresponding latent heats, 

c = capacity of calorimeter, t^ its temperature be- 
fore mixture, t the temperature of the mixture, 
and q the no. of units of heat lost, 

C = Wi 5i + «^2 *2 + «^8 «8 + &C. (IT 91) 

Wi8i(t^ti)-\-W2B2 {t — t^ + ^(^ — ^3)+ q + h'^i^^O. 

(T 100) 

(f) Light. 

Law of inverse squares, 



X :y: 



(iy-(iy 



Photometric law, x:y : : a^ : h\ (f 109) 

Principal focal length = F^ conjugate focal lengths =/i 
and /a, 



F= 
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-AXA 



F= 



_1_ , _1_ ~ /j _]_/,■ (For real foci, If 117) 
/i /. 

_ /i X /» 



1 1 ~ f~ f^ (For virtual foci,f 119) 

J ^ 

A = angle of prism, D = angle of minimum deviation. 
Index of refraction^ 

_ Bin\{A^D) 
^ Bin i A (Appendix XI. (5)) 

R = mean radius of curvature of double convex lens, 
F = principal focal length, 

R 

/* = 1 + i -^- (Appendix XI. (0) 

Double convex lens (of index /i) between plates filled with 
liquid (of index ft'), 

It 

h'^t^ — iy (Appendix XL (m)) 

Rotation of plane of polarization (a) of sodium light in de- 
grees due to depth d of sugar solution containing s grams 
per cu. cm, 

a = 6.65 d.8 or 8 = 0.150 a -5- ef. (IT 245) 

Wave-length /, angle of diffraction a, and distance, between 
lines of grating (d) in position of minimum deviation, 

l = 2dsinia. (T129) 

Correction of observed altitude, A. 

s = semidiameter (sun = 16', nearly), 
k = dip of horizon (from point m metres high, 1 f Vm nearly), 

38 
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T = refraction (1' X cotan A nearly), 
f = parallax (0' for the sun), 

a = A-}-s — h — r'\'p. (1[242) 

Latitude^ I, from altitude a and declination dj 

Z = 90° — a ± rf. (% 242) 

Longitude T, in hours, minutes, and seconds, from standard 
times t* and t'^ of equal altitudes, and equation of time e, 

T=i(t' + t")±e. (11243) 

(g) Sound. 

Lissajous* curves ; P, p = pitch ; n = No. of lobes, c = 
No. of cycles per second, 

F=np±c. (IF 143) 

Velocity Vy pitch /?, wave-length Z, distances traversed d, di, 
cZg, corresponding times, t, ti, ^a, 

(Appendix XL (r)) 
Velocity (vj) o/* longitudinal vibrations (Young's modulus 

= n 

"1 = V Zr • (ir 248 ; Appendix XL (r)) 
Velocity (»g) of torsional vibrations (Simple Rigidity = .S) 

"* ~ V 5"' (f 248 ; Appendix XI. (r) ) 
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Pitch of a stringy of length Z, and mass mXh stretched 
by force fy 

= 47i/7 



^ "" * ^ V ^' (Appendix VL, 64 A) 

(h) Moments of Inertia. 

Moment of inertia of mass M about axis through centre of 
gravity = ^; about parallel axis at distance c = A'', 

K^ = K+ Mc\ (Appendix XI. 0') (3)) 
Small mass M&t distance I from axis, 

K= mP. (Appendix XL (d)) 

Thin ring (or tube) of mass Jf and mean radius R about its 
axis (e. g, rim of wheel), 

K=MRK ^(Appendix XL (it) (1)) 

27iin ring about a diameter (as in spinning), 

K = iMIP. (Appendix XL (k) (5)) 

Square bar of length Z, breadth B^ and mass M, about a 
central transverse axis {e, g, suspended magnet), 

K= tV M^U + ^). (Appendix XL (h) (4)) 

Round bar of length Z, and radius R^ about central trans- 
verse axis {e,g, suspended magnet), 

K = j\ MU + \ MB?. (Appendix XL {k) (10)) 

Disc or cylinder of mass Jf and radius R about axis (c. g» a 
wheel) , 

K=\ MR?. (Appendix XL {k) (7)) 
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Thin disc about diameter (e. g. a coin spimuDg)^ 

K= \ MB^. (Appendix XI. {k) (8)) 
Sphere of mass JIf and radius 2?, 

K= I MR^. (Appendix XL Qc) (12)) 

(i) Dynamics, ^ 

Force fy acting for time <, gives mass m velocity v, 

ft = mv. (§106) 

^ mv , mv ft ft 

t f V m 

Gravity {g), time «, velocity t?, distance d, 

v = gt. (§108) 

d=^g('. (§108) 

Ballistic pendidum, 

'' = ^^\Ijc' (§109) 

Pendulum of length /, time t (latitude X), 

' ~ "" V 7 * (Appendix XI. (c) (2)). 

' — -^ • (Appendix XI. (c) (3) ) 
I = 99.8562 — 0.2586 cos 2 X. (Table 48) 

« — •^^ 

<^ — -f (Appendix XI. (c) (1)) 

g = 980.6056 — 2.5028 eo$ 2 X. (Table 47) 
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Compound pendulum with directive force D, and moment 
of inertia K, 

' ~ '^ \'D ' (Appendix XI. {d) (2)) 

Directive force D of magnet of moment Jf due to horizon- 
tal component ^of earth's magnetic field, 

zr 

D = MH='n^—. (Appendix XL (rf)(l)) 



(j) Elasticity. 
Coefficient of torsion T, 

rp_ D _ 7r»g 

57° .3 180 <« ' (Appendix XL (g) (2)) 

Simple rigidity S, of a wire of length /, radius r, and coeffi- 
cient of torsion T, 

a_ SQ0Tl _2irlK 
ir^r^ r^t^' 

(Appendix XL (o) (3) (4)) 

Young's modulus F, for a beam of length /, breadth b, thick- 
ness t, suffering deflection ef, from force / at middle of beam. 

fP 
^^Jbdt^^^ ^' (T 163 ; Appendix XL (p)) 

Resilience of volume, with coefficient or modulus M, 

(IT 240; Appendix XL (m) (1)) 

Poisson*s ratio (/i) of lateral contraction to longitudinal 
extension, 
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SM—2S 



fi: 



6Jf + 2S' (Appendix XI. (m) (2)) 



(k) Friction. 

Coefficient of friction in fluids f creating force F on 
area a through velocity v, 

^^-^' (1172) 

Viscosity coefficient rj, in capillary tube of length I and 
radius r, transmitting in time t, a weight w, of liquid of den- 
sity d, under a pressure p = hgdy 

_ irgd%rH 
"^ ^wT' (IT 251 ; Appendix XI. (Z)) 

Efficiency e of water motor with wheel of circumference c 
making n revolutions per unit of time against tangential force 
/, while consuming a volume v of water under the pressure /?, 



e 



_<^w/ 



^- (iri75) 



Mechanical equivalent of heat /, in terms of number of 
times (w) that a material of specific heat s must fall through 
a distance rf, under gravity (jf) to warm itself ^°, 

7- ndg 

-'—a- (1178). 

(1) Magnetism. 

Mean strength «, of the poles of two parallel magnets, the 
attraction of which at the distance d is greater than the re- 
pulsion by amount A, 

« = I (f Va (nearly). (§ 129) 
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Moment of magnet with poles of strength ± s and distance 
/ between poles, 

M= 8X1. (T 185) 

Magnetic couple (c) deflecting a wire of coefficient of tor- 
sion Ty a^y or giving body with moment of inertia K^ a time 
of vibration t, in earth's horizontal field If, 

MB=Tai^l82) = ^. (App,„,i,xi.(A)) 

Maximum deflection a, due to magnet of moment M at 
mean distance rf, in earth's horizontal field Hy 

^ = idUana. (Appendix XL (i) (1) 
horizontal intensity IT of earth's magnetism, 

TV dUi^' (Appendix XL (i) (2)) 

Dip (d), estimated by throws of ballistic galvanometer ; 
a' due to vertical, a" due to horizontal components, 

,^^ J chord (/ 

tan a = . •«■ 1 /\i \ 

chord of' (flOl) 

(m) Magnetic Current Measure. 

Constant Kof a, coil with n turns of radius r, 

^ 2im 

"7"' (1199, §133) 

Reduction factor of galvanometer with constant ^in mag- 
netic field Hy deflected a*' by current (7, 
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I = -— = for absolute units, 

K tan a 

/ = 10 — - = for amperes. /-r , q^. 

K tana ^ (T[190) 

Comparison of tangent galvanometers with reduction Actors 
/and /', giving deflections a and a', 

/ tan a 

T~ulir^' (11201) 

Shunt of resistance S increases reduction factor of gal- 
vanometer of resistance li -\~ Gin the ratio 

t _ S 

J B^ G-^-S' (Appendix VIII., 61 G). 

Dynamometer with large coil of constant K, and small coil 
of magnetic area A, gives deflection a, under current in 
amperes C7, against torsion of wire having coefficient t, such 
that 



"^''sfE- 



(H 204) 



Electro-chemical current measure in terms of weight w, of 
substance having electro-chemical equivalent q, acted upon in 
time ^, 



w 

c . 



qt 

For copper y 

\, 3050 w 
(7 = —^— amperes. (^ 206 (2)) 

Current C, of heat or of electricity in terms of quantity 
Q, in time t, 

C= ^ (by definition). 
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Specific conductivity p, in terms of current C, length of 
condactor Z, area of its cross-section A, and difference of 
potential or temperature, B or T, 

_CL _GL 
^~AT~AE' (IT 241) 



(n) Electrical Resistance. 

Resistance R^ of conductor, in which a current O in amperes, 
generates heat enough in the time T^ to raise a weight w of 
water, and a calorimeter of thermal capacity c, from ^i^ to ^2^) 

j^_ 4.17 («7 + c) {t^ — t{) 
C^ (IT 213) 

Specific: resistance S^ of conductor of length L^ cross-sec" 
tion A^ and resistance R, 

^_RA 

^ — T' (1219) 

Wheatstone's Bridge (see Fig. 18, page 732), 

AB : BC : : AD : DO. (§ 141) 

Resistance (R) in mtdtiple arc of conductors having resist- 
ances Ri R29 &c., 

Thomson's Method. Battery resistance B, galvanometer 
resistance 6r ; if external resistance R gives same deflection 
as r gives with battery shunt of resistance S, 

B = S^-'' 



r^G^ (Appendix VL, 113-4) 
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OhnCz Method. Battery resistance B, electromotive force 
Ey deflection a ; with added resistance R^, deflection a^ 

■n R% tCtn Of 

tan ai — tan a^ ' (IT 225) 

p 2?2 '^^ ^1 ^^^ ^2 

tan Oi — tan a^' (T 230) 

Beetz* Method. Resistance of stronger battery B, electro- 
motive force £J^y external resistance ri' and rs', correspond- 
ing resistances of shunt ri and rs, 



ri rj — ri' r, 
rj — ri 



(T 228) 



Ef _^ + ri+ri'_^+r2 + r2' 

-W n r, (f228) 



(o) Electromotive Force. 

Electro-chemical equivalent q, heat of combustion A, elec- 
tromotive force Ey and mechanical equivalent Jy 

E=Jqh. (§145) 

Electrical power (P) in terms of electromotive force E, 
and current O, 

P=CE=C^S; {% 230; §§ 136, 137) 

whence G = P-i-E, and J^ = P-5- G. 

Electromotive force in terms of the current O and resist- 
ance By 

E=CB; (§139) 

Whence Ohm's Law, 

n ^ 

^-X' (§138) 
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WiedemanrCs Method, Electromotive forces E and e in 
conjunction and opposition, corresponding deflections A and a, 

E tan A + tan a 

e tan A — tan a ' (IT 231) 

Electromotive forces E and e produce equal currents with 
given external resistances ; also with the resistances E and r 
added to respective circuits ; then 

e:E::r: E. (T 233) 

Differences of Potential e^ and ^g, corresponding to dis- 
tances di and d^ on uniform straight wire carrying a current, 

«i ; ^2 ; ; d^ : d^. {^% 235, 236) 



( p) Electrostatics. 

Capacity c of sphere of radius r, 

c=^r. (Appendix XL (x) (1)) 

Capacity of condenser with insulating layers of area -4, 
thickness ty and specific inductive capacity «, 

As 
''"^'^t' (Appendix XL (a;) (2)) 

Charge y, in condenser of capacity c, due to electromotive 
force e (by definition), 

q =zce. 

Electromotive force e in electrostatic measure causing two 
pith-balls of diameter d, weight wgy suspended by cords of 
length /, to diverge through distance s, 



^=^/ 



2wgs^ 
l(P ' (Appendix XI. (v)) 
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Electromotive force e iu electrostatic measure causing a 
plate of area a to be attracted or repelled by a large plate at 
a distance d^ with a force wg, 



^ = d\J^ 



Sirgw 

(Appendix XI. (w)) 



(q) Average. 

a a" 

a" ~ n + l' (Appendix IX. (0) 

(r) Probable Error. 

P = probable error of single observations, 
p = probable error of mean of n observations, 
d^ = mean square of the differences, 

(Appendix X. ( k)) 

P = 0.67449 (fV 1 -~ (» — 1) = p ^Tn. 

Probable error (p) of a result, in terms of variations di 
d2, &c., introduced by changing the separate data by an 
amount equal to probable error of each, 

p = Vrfi^ + rfa^ + Ac. (Appendix X. (o)) 

(s) Weight of Results. 

Weights = Wi W2 w^^ &c. (Appendix X. («) ) 

probable errors = jt?i, pa* Pzi &c. 

then Wi : Wi : w^, &c., ;: ( — 1 : f — \ : / — j &c. 

Most probable residt R, in terms of several results, ri r2 7*8, 
&c., with weights Wi W2 Wg* &c., 

jp Wx ri-^-w^r^ + <^8^8 + <^C' 

^1 + ^a + ^8 + &c« 
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(t) Dimensions. 

Note. The dimensions of a quantity may be defined as 
a mathematical expression for the number of times that mul- 
tiples of the three fundamental units of length (L) mass 
( M) and time ( T) must be employed as factors to express 
the quantity in question. The dimensions are usually rep- 
resented by ordinary ** exponents." ^ 

Dimensions are useful in reducing results from one system 
to another. Let L be the value in centimetres of the unit of 
length in any system, M the value in grams of the unit of 
mass, T the value in seconds of the unit of time ; then the 
dimensions of a given quantity, let us say Z* M^ T'^ give at 
once the factor for reducing that quantity from the given 
system to G, G, S, units. 

Dimensions obey the following laws : — 

(1) Only quantities of a given kind can be added or sub- 
tracted, and the sum has the same dimensions as the separate 
quantities. 

(2) The dimensions of the product or quotient of two 
quantities are equal to the product or quotient of their sepa- 
rate dimensions treated as algebraic quantities. It is through 
this law that dimensions are calculated. 

(3) The two sides of an equation must always have the 
same dimensions ; for quantities differing no matter how 
slightly in dimensions are, like surfaces and volumes, essen- 
tially different in kind, and hence cannot be numerically or 
quantitatively compared. This equality of dimensions, be- 
ing a condition which every rational formula must satisfy, 
furnishes a useful test of the accuracy of mathematical work. 

Angles^ strains, specific gravity, temperature, and all rela- 

^ For proofs and illustrations, see Kohlrausch, Physical Measure- 
ment, Appendix A. 
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tive magnitades, having no dependence upon the fandamental 
units, are of dimensions 0. 

The dimensions of other quantities are expressed as follows : 

Length X 

Surface • X* 

Volume Zr* 

Time T 

Velocity L-i- TorZT-^ 

Acceleration (^L -i- T) -^ Tor LT-* 

Mass Jtf 

Density L-* M 

Force LMT-^ 

Work (or kinetic energy) \ f Z^ MT" * 

Couple V 

Directive Force ) 

Power L^MT-"" 

Moment of inertia L^ M 

Stress, or pressure 1 i ^ ~ ^ MT" ^ 

Modulus of elasticity J Xl^^MT-^ 

Electrostatic or magnetic unit L^ M^ T~ 

Electrostatic potential L^ M^ T- 

Electrostatic capacity L 

Magnetic moment L^ M^ T" 

Magnetic field L-^M^T^ 

Electrical current (magnetic measure) . . . Za Jlfa T^ 

Electro-magnetic unit of quantity L^ M 

Electromotive force IflM^T" 

Electro-magnetic capacity L"^ T^ 

Resistance LT~ 



fUMT-^ 



INDEX, 

Part I., pages 1-278. 

Part II., pages 279-683. 

Part III., pages 584-900. 

Part IV., pages 901-1190. 



ABBREVIATIONS. 



app.^ apparatus. 

B. W, G.y Birmiugham wire gauge. 

C G. S.f centimetre-graiu-eecond sys- 
tem. 

cm.f centimetre [s]. 

coef., coefficient [of]. 

const,^ constant. 

cu.f cubic. 

det.f determination [of]. 

€. TO./., electromotive force. 

€q.<, equivalent. 

ex,f exercise. 

exp,j experiment. 

g.y gram [s]; also acceleration of 
gravity. 

gr.y gravity; also grain. 

h.f hour [s]. 



B, U., Harvard University. 

kilo.^ kilogram [s]. 

kilom., kilometre [s]. 

m., metre [s]; also minute [s]. 

meat., measurement [of]. 

min.j minute [s]. 

mm., millimetre [s]. 

obd.^ observed. 

obs.y observation [s]. 

8. or sec.f second [s]. 

tp,, specific. 

^, gr,, specific gravity. 

sp. ht., specific heat. 

aq,f square. 

temp,, temperature. 

volf volume. 

wt,f weight. 
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Abbreviations, 1192; of arithmeti- 
cal processes, 662-663. 

Absolute electrometer, 582-583, 
1171. 

Absolute expansion, 94-100. 

Absolute measurements, 511, 531. 

Absolute standards necessary, 633. 

Absolute system, 440, 592, 603, 606- 
607, 705. 

Absolute temperature, 122, 124, 128, 
680-681, 683. 

Absolute zero (— 273<> C), 125, 
127,679. 

Absorption, electrical, 562; of en- 
ergy during change of state, 686- 
687; of gases by liquids (solubil- 
ity), 861-863; of heat, 887; of light 
(color), 551. 

Acceleration, 836, 607, 999, 1132; 
and force, 705; components, etc., 
704; of gravity, 328-330, 555, 897, 
1134. 

Accidental errors, 392, 615, 653. 

Accidents, danger of, 140, 205, 
368, 463. 

Accuracy and precision, 594; ap- 
parent and real, 594; overestima- 
ted, 654 ; standard of, 655. 

Acids, danger from, 205, 463. 

Acoustics and Optics (Sound and 
Light), 691 etseq. 

Actinic rays, 694. 

Action and reaction, 400, 706. 

Action, chemical (Zn and HNOs)i 



205-210; assisted by electric cur- 
rents, 206. 

Addenda, 739-745. 

Adjustment, errors of, 621 ; of bal- 
ance, 33. 

Advanced physics; list of experi- 
ments in, 1079; students, exps. for, 
537 et seq, 

iEther, see ether [692 et ieq,]. 

Air, 7, 13, 16 ; and ether, 692 ; buoy- 
ancy of, 13-14, 671, 874-875, 956 *e« 
seq. ; effect on balancing columns, 
66; effect on brass weights, 671; 
effect on densimeter, 61 ; bubbles of, 
9, 14, 20, 50, 95, 97, 101, 110; 
bubbles of distinguished from 
steam, 138; composition of, 861; 
currents of, 28, 144, 420; density 
of (.0012), 67, 676, 784, 900; dry- 
ing, 570; manometer, 132, 913; 
mean molecular weight (28.86), 
900; pressure of the, 613, 675; 
-pump, 54, 912 ; resistance slight, 
328; solubility, 97, 861; -spaces, 
insulation of, 145; sp. ht. of at 
const, pressure (.288), and at const, 
vol. (.169), 188-189, 861, 900; tem- 
perature of, 83; -thermometer, 119, 
913; velocity of sound in, 279 et 
seq.^ 869, 1162; vibration of in 
tubes, 695. See atmosphere. 

Alcohol, per cent and density, 878- 
879. 

Allowance for errors, 653. 
39 
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Alloy, sp. ht. det., 390. 

Almanac, nautical, 543, 895. 

Altematinff currents, 559, 563. 

Altitudea, barometric estimation of, 
871; equal, method of, 546; of bud, 
643. 

Amalgamation by mercury, 437, 
463, 465. 

Amber, 585. 

Ambiffuoua terms, 739-745. 

American concert pitch, 792, 893. 

Ammeter, 466, 536, 922, 1020. 

Ampere, the, 440, 458-460, 461, 470, 
581, 611, 729, 730, 731. 

Ampere'* formula, 728; theory, 
718. 

Amplitude of oscillation or vibra- 
tion, 289, 323, 327, ^31. 

Analoffy between heat, temperature, 
and pressure, 685; between poten- 
tial, head, and pressure, 719, 729, 
730. 

Analysis, logical, 624. 

Analytical balances, 56&-570. 

Analytical method, 171. 

Analyzer, 549. 

Aneroid barometer, 19, 115. 

Angle, circular unit oif, 337; func- 
tions of, 764; measurements of, 
253-262, 267-269, 281; minimum 
visible, 251 ; of deflection, 407, 408, 
440; of diffraction, 267; of dip, 
424, 430; of dispersion, 263; of 
friction, 374; of incidence, 699; of 
minimum deviation, 260-267, 547 ; 
of prism, 255-257, 547; of refrac- 
tion, 257-264, 699; ratio involved 
in, 604; small, equal to sine, tan- 
gent, etc., 636; small, cosine and 
secant unity, 253. 

Angtdar velocity, 709, 1136. 

Annealing (temper), 105. 

Anticipation of results, 286, 620. 

Apparatus, 909 et ieq. ; cabinet for, 
905: cost of, 909, 927, et $6q.; re- 
duplication of, 927, 928, 931, 934- 
935. 

Apparent and real changes of vol- 
ume, 539 et seq. 

Apparent noon, 543. 

Apparent specific gravity, 672-673. 



Apparent specific yolume, 744, 784, 
875, 876. 

Apparent weight, 671, 672-673, 
874-875, 954-961. 

Application, point or line of, 356, 
710. 

Approximation, method of, 3, 477, 
570, 626; rules for, 662; succes- 
sive, 629. 

Aqueous vapor, 866-869, 874. 

Arbitrary scales, 588, 791, 892-894. 

Arc, defined, 764 ; multiple, 451, 467, 
731 ; of oscillation or vibration lim- 
ited, 323, 327, 331, 412, 413,710; 
of small angles equal to sine, tan- 
gent, etc., 663; Uble of, 800- 
801. 

Arch, hydrostatic, 45, 912. 

Archimedes, principle of, 54, 
670. 

Archives, French, 332, 605. 

Area, magnetic, 452, 726-727; of 
circles, 799, 810-811; lyiitof, 607. 

Argument, defined, 664, 748 ; com- 
plementary and independent, 754. 

Arithmetic mean, 411, 663, 1127; 
probability of, 659, 1121, 1128. 

Arithmetic work, 661 et 8eq., 946. 

Arm, of balance, 35; of couples or 
levers, 356, 403, 609, 711; situa- 
tion indifferent, 356. 

Armature, see telegraph instru- 
ment. 

Arrangement of cells or batteries, 
443, 735; of tables, 746-760. 

Arresting oscillations, 314, 421. 

Artificial horizon, 545, 917. 

Assumptions, errors in, 624. 

Astatic galvanometer, 418-420, 1058. 

Astatic needle or magnet, 418, 431, 
433. 

Astronomical tables, 894-896. 

Atmosphere, buoyancy of, 7, 13-14, 
671, 874-875, 956 et seq, ; density 
of, 17; pressure of, 17, 143; pres- 
sure, standards of, 384, 613, 899, 
900; refraction of (I' cotan. A), 
544; temperature and humidity of, 
23. See air. 

Atomic weights, 843-845; inversely 
as sp. hts., 686. 
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Attraction, between unit masses 
(6.6 X 10-8), 900; capillary, 871; 
electric, 719-720; magnetic, 398, 
722-723. 

Authority, sources of| 794-796. 

Average, defined, 1098; velocity, 
706. 

Averages, accuracy of, 326; meth- 
od of, 653; of variable quantities, 
1097 et seq,; probable error of, 
659, 1121, 1128. 

AvoirdupoiB, 898. 

Axes, of earth inductor, how placed, 
428-430; parallel, moment of in- 
ertia about, 1143; of pendulum, 
1140. 



Backlash, 572, 575. 

Balance, 911; adjustments of, 33; 
analytical, 568-570; apothecaries* 
(a), 28, 911 ; arms of, 33-38; beam 
of, 33, 34; centre of gravity of, 33- 
85; delicacy of, 31-35; examples 
of use of, 954 et seq. ; flat-pan (6), 
910; for magnetic forces, 898; for 
surface tension, 369 ; grocers' (g)j 
3, 910; hydrostatic, 43-48, 956 et 
je^., 1039; letter spring, 534; ma- 
nipulation of, 27; platform, 384, 
910 ; sensitiveness of, 31-36 ; spring, 
337 etseq., 360, 373, 379, 383, 919; 
theory of, 33-38; torsion, 358, 920; 
weighing with, 42. 

Balancing columns, 63, 94, 98, 
962. 

Ballistic galvanometer, 517, 1014; 
pendulum, 311, 707-708, 1052. 

Balls, billiard, 312, 919 ; glass, 42, 
912; pith, 566; steel bic^'cle-bear- 
ing, 14-16, 911. 

Bands, cloth, 554, 918; spectrum, 
262-264. 

Bar, moment of inertia of, 1145- 
1146. 

Bar-magnet, compound, 395 ; long, 
411-422. 

Barodeik, 26, 676, 911, 953. 

Barometer, 17 et seq., 953 ; aneroid, 
19, 910; corrections for, 19-23, 
781-783; depression of due to ad- 



mission of volatile liquids, 136; 
Fortin*s, 18, 19; mercurial, 17, 
952; pressure of. Vet seq., 899; 
reductions of, 780-782 ; tables for, 
867, 870, 874; tube of, 17 et seq.f 
912. 

Batteries, 469, 890, 922, 923, 1019 
etseq,; arrangement of, 735; con- 
stant required, 495; construction 
of, 463 et seq,; currents from, 462, 
468 et seq.f 1019 et seq.; electromo- 
tive force of, 507, 516, 525, 874- 
875, 890, 1028 et seq,; materials 
for, 922; poles of, 890; resistance 
of, 1061; by Mance's method, 490, 
1026; by Ohm's method, 498, 
1028; not understood, 493; by 
Thomson's method, 1062; small 
resistance required, 515; thermo- 
electric, 521. 

Baum6's hydrometer, 892. 

Beaker, 912 ; used as lining of cal- 
orimeter, 206, 915. 

Beam, of balance, 33, 34; stiffness 
of, 350-354, 712, 1003, 11^7-1160; 
of light, 694; of steel, 919. 

Beats, 291, 292, 293, 578, 995; be- 
tween octaves, 293 ; disappearance 
of by loading, 293; method and 
theory of, 291 et seq, 

Beetz* method, 501 et seq,, 1029. 

Bell telephone, 559, 563, 564. 

Bench, optical (Melloni's), 230,916; 
working, 904. 

Bending beams, 350-354, 712, 1003, 
1157-1160; fracture by, 354, 1003; 
laws of, 712; of light, 694, 698. 

Bends, sudden, avoided, 366, 368. 

Bent ruler, 12. See graphical 
method. 

Biaxial crystals, 852-855. 

BilUard balls, 312, 1053. 

Binding posts and screws, 436. 

Biot's physics, 590. 

Blinds, 904. 

Block, density of, 1 ; hollow, 2, 911 ;~ 
small, 398, 445, 911, 921 ; tackle, 
379; with socket, 355; wooden to 
mount app., 911. 

Blue prints, 395. 

Bluntness of points, 86. 
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Board, 348, 373; and plank. 920; 

indicator, 929; loaded, 848, 919. 
Bobbin, UaU's, 367; brass, 420, 

920. 
Bodies, falling, 313; apparatus, 

919; properties of, 843-863. 
Boiler for steam, 90, 115, 203, 520, 

914; for vapors, 134, 914. 
Boilioff, 687; and evaporation, 138; 

by cooling, 139. 
Boilinff-points, 140, 843-860, 975; 

of solutions, 786; of water, 867. 

See temperature or point of con- 
densation, vaporization, etc. 
Bonds, electroHshemical, 734. 
Books of reference, 794-795. 
Borda's method of weighing, 650; 

pendulum, 319. 
Bore, 113, 120, 371. See calibre, 

calibration. 
Bdmstein, Landolt and, 795. 
Bottle, Mariotte's, 556; for ice-wa- 
ter, 179, 915; for sp. gr., 49-^58, 

101, 912, 958 et seq. 
Box of coils or resistances, 476, 557, 

923. See rheostat. 
Box photometer, 226-227. 
Bow, violin, 289, 300, 918. 
Bowinff a tuning fork, 289. 
Boyle and Mariotte, law of, 20, 132, 

134, 135, 682. 
Bracket, 313, 316. 
Brake, friction, 387. 
Brass, air displaced by, 671; bobbin, 

420 ; coef. expansion (.000019), 

896, 900; sp. ht. (.094), 846, 900; 

weights used as standards of mass, 

332, 874-875. 
Break in circuit, errors due to, 

648. 
Break in wire, position noted, 368. 
Break-circuit, 324, 335, 575. 
Breaking strength, 366, 367 et seq.f 

774, 843-847, 1005. 
Bridge, 6. A., 480-493, 558, 559, 

732, 923, 1024 et seq,; musical, 274; 

Wheatstone's, 480 et seq., 732; 

-wire, 481, 525-526. 
British Association Bridge (see 

Bridge); units, 612, 900. 
British measures, etc., 898-900. 



Brush, camePs-hair, 9, 14, 44, 464, 
911, 

Bubbles, in boiling, 95, 138 et seq, ; 
of air, 9, 14, 20, 50, 95, 97, 101, UO ; 
of air and steam, 138; of gas in 
battery, 465. 

Building materials, 777, 846-847. 

Bulbs affected by pressure and 
temp., 538, 540. 

Bullet, crushed, 388 ; ounce, 288, 313. 

Bunseu and Kirchoff, scale, 892; 
battery, 469, 890, 922 ; burner, 115 
and elsewhere, 914; cell (1.9 volts), 
436, 455, 469, 472, 520, 529, 531- 
532, 890; ice calorimeter, 192; 
photometer, 222-224, 916. 

Buoyancy, atmospheric, 7, 13-14, 
16, 671, 956 et seq, (see air); of 
fluids, 43 et seq., 670, 671, 1036- 
1037; of water at different temper- 
atures, 12. 



Cabinet for apparatus, 905. 

Calculations 941; and observations 
to be separated, 624, 946; examples 
of from note-books, 949, 950, 951, 
et seq.; rough methods of, 662, 
666; to be preserved, 946. 

Calculus, use of avoided, 1097, 1127. 

Calibration, by mercury, 371, 641, 
1006-1007; method of, 629, 631; 
of ammeter, 466, 1020; of Ungent 
galvanometer, 441; of thermome- 
ters, 113, 119, 969-970; of volt- 
meter, 524. 

Calibre, variations in, 371. 

Calipers, 71-82. See gange. 

Calorie (1000 g°), 898. 

Calorific rays, 694. 

Calorimeter, 144, 387, 471-472, 
541, 915; chemical, 206; ice. 
Black's, 191 ; Bunsen's, 192 ; mer- 
curial, Favre and Silbermann*s, 
191 ; thermal capacity of, 149-150, 
157 et seq,^ 689. 

Calorimetry, 144-212, 976 et seq,, 
1021; apparatus for, 915; heat de- 
veloped or absorbed in, 689; pe- 
culiar devices in, 186; principle of, 
688. 
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Gamer s-hair, brush of, 9, 14, 44, 
464,911. 

Candle-power, 216-222; standard, 
221, 916. 

Cane-sugar, rotary polarization of, 
550. 

Capacity, electrical, 559-563, 1172. 

Capacity of bulb affected b}' pres- 
sure and temp., 538, 540; of tube, 
119,371,377; of vessels, 49. 

Capacity, specific .. inductive, 563, 
1173. 

Capacity, thermal, 146, 157, 159,685, 
976 et seq. 

Capillarity, attraction due to, 371; 
depression due to, 20, 782; effect 
of, on balancing columns, 96; on 
h5'drostatic balance, 44; on Nich- 
olson's hydrometer, 9 ; law of, 372; 
of a small tube, 371, 877, 556, 
641, 920, 1007, 1149; tables for, 
872. 

Carbon (positive pole) of battery, 
436, 529, 890. 

Cards, reports made on, 944. 

Cast iron, 847. 

Cathetometer, 322, 364, 572-573. 

Cells, arrangement of, 735-736; con- 
struction of, 463; electromotive 
force of, 890; resistance of, 443, 
490; voltaic, 436, 569, 890. See 
resistance, e. m. f., etc. 

Celsius. See Centigrade. 

Centigrade thermometer, 589, 600, 
892. 

Centimetre, 605. 

Centimetre-gram-second (C. G. 
S.) system, 606. 

Centre of gravity, 348-350, 710, 
1002, 1102-1107; of balance beam, 
35; of magnetic forces, 710; of pen- 
dulum, 555; of suspension and 
oscillation, 1137. 

C. G. S. system, 606. 

Chain and rod, 642. 

Chances of error, 773-774, 1109. 

Change of state, 775; of velocity, 
312, 336, 1131. 

Changes of condition desirable, 594. 

Characteristics, negative, 667; of 
logarithms, 769; of matter, 739. 



Charge, of condensers, 560-561 ; re- 
sidual, 562. 

Charles, law of, 24, 683. 

Chauvenet's probabilities, 794. 

Check methods, 594, 651. 

Chemical action, Zn and HNO3, 
205-210 ; aided by electric cur- 
rents, 206; avoided, 163, 184. 

Chemical bonds, combining propor- 
tions and electro-chemical equiva- 
lents, 556, 734. 

Chemical materials, 848-851. 

Chimney, 905 ; perforated, 236. 

Chlorine, heat of combustion in, 
888. 

Chords, defined, 765; table, 800- 
801 ; throws measured by, 422. 

Chromatic (tempered) scale, 893. 

Chronological order followed, 946. 

Chronograph, 309, 577, 618; mer- 
curial, 284-285. 

Chronometer, 546, 575. 

Ciphers, etc., understood, 753; use 
of, 660. 

Circle, graduated or optical, 257- 
261; tables relating to, 764, 799. 

Circuit, errors arising from break 
in, 648. 

Circuit-breaker, 324, 335, 575. 

Circuits, divided, 451, 467, 731. 

Circular measure of angles, 765. 

Circumferences, of driving-wheel, 
382; tables of, 799, 808-809. 

Circumstances to be noted, 623. 

Clamping, errors from, 75. 

Clamps, 436, 532, 1061. 

Clark, cell or battery, 581, 923; 
potentiometer, 516, 52*9, 1033. 

Classification, a stage in scientific 
progress, 592; of errors, 615. 

^Cleaning mercury, 17; plugs, 494; 
walls and floor, 903. 

Clock or regulator, 318, 324, 910. 

Clock-spring, 288, 301, 394. 

Closets, 908. 

Cloth, band of, 554, 918; diffraction 
of, 264. 

Coal-gas, 69. 

Cochords, 766. 

Cocoon-fibre, 412, 418, 461, 579. 

Coefficients of absorption, 861- 
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863; of elasticity, 843-863, 1160- 
1160; of expansion, 92, 94, 100- 
103, 126, 684, 843-861, 967; of fric- 
tion between solids, 373-375, 887, 
1007, 1008; of hydraulic friction, 
875, 887; of probability, 1110, 
1118; of resilience, 538, 1151; of 
torsion, 357-360, 402, 1140, 1150, 
1156 ; of viscosity, 556, 1149. 

Cohesion, 687; apparatus, 919. 

Coils, box of (rheostat), 476; con- 
stants of, 452 ; electro- magnetic ef- 
fects of, 438; resistances of, 471, 
511 ; rotating, 424-430 ; RuhmkorfF, 
518; sliding (induction), 416, 420; 
spiral tube or worm, 187. 

Coincidences, 614 ; methods of, 
320, 324, 327, 644-445; on vernier, 
636 ; reduction of results fn>m, 326. 

Cold produced by evaporation, 23, 
169, 687. 

Collimator, 258. 

CoUision (impact), 311, 312, 1053. 

Color, 551; -blindness, 228-229; 
focussing by, 234; of ink varied in 
making corrections, 946, 947 ; pho- 
tometry of, 228-229. See spectrum. 

Columns, balancing, 63, 94, 98, 962; 
barometric, 17 et seq. ; of mercury 
in thermometer, 110. 

Combination, heat of, 198, 205, 690, 
888, 984; of errors, 615-416, 1111; 
of standards in a set, 629. 

Combining proportions and electro- 
chemical equivalents, 734. 

Combustion, heat of, 210, 690, 888. 

Commutator, 435, 457, 558, 922. 

Comparator, 571. 

Comparison, a stage in scientific 
progress, 692, 603; of condensers, 
562; of electromotive forces, 514; 
of galvanometers, 448, 459 ; of re- 
sistances, 474. 

Compass-needle, 397, 405, 431, 
433, 438, 921. 

Complement defined, 766. 

Complementary arguments, 754. 

Components and resultants, 703; 
of earth's magnetism, 403; of 
forces, motions, etc., 337; of ob- 
lique forces, 344, 1001-1002; of 



parallel forces, 337, 1000; of vibra- 
tions in polarized light, 548. 

Compound magnet, 394. 

Compressibility of liquids, 537. 

Compression, heat developed by, 
1163. 

Concave and convex mirrors, 240. 

Concert pitch, 893. 

Concordance of results deceptive, 
594. 

Condensation, and rarefaction, 
292, 1160; heat developed by, 687; 
latent heat of, 202, 687, 856-^63; 
of tables, 746-748. 

Condensers, electrical, 517, 559; 
capacity of, 559-562, 1172 ; charge 
received by, 560; comparison of, 
562; residual charge of, 562. 

Conditions to be varied, 594. 

Conductivity, electrical, 776, 786, 
843-847, 889 ; of solutions, 786-787. 

Conductivity, thermal, 541, 591, 
688, 776, 843-863; of air-spaces 
small, 145; of sides of calorimeter, 
141. 

Conductors, and non-conductors, 
586; compound, 484 (see multiple 
arc); resistances of, 891; 

Confirmation of results by check- 
methods, 652. 

Conical (rotary) pendulum, 1133. 

Conjugate focal lengths (foci), 236- 
239. 

Connecting wires, 434, 471, 501. 

Connections, electrical, 436, 437; 
in multiple arc and in series, 443, 
451, 467, 731; interchange of, 518. 
531 ; made by pendulum, 321, 325, 
335, 366. 

Consecutive observations, 317, 667. 

Conservation of energy and work, 
693, 694, 714-715, 716-717, 738. 

Constant battery required, 495. 

Constant errors, 615. 

Constant, of coil, 726, 1015; of 
dynamometer, 452, 1016 ; of galva- 
nometer, 437 et seq.f 444, 1015. 

Constant temperature during 
change of state, 687. 

Construction, of astatic galva- 
nometer, 418-420 ; of Daniell cell, 
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463-464; of electro-dynamometer, 
451 ; of tangent galvanometers, 
437, 448. 

Contact, differences of potential 
due to, 790, 889. 

Contact, electrical, 351, 618. 

Convection of heat, 688. 

Conventional units desirable, 595, 
677. 

Converging lenses, 230, 236, 242, 
618. 

Conversion of work into heat, 393. 

Convex and concave mirrors, 239- 
242. 

Cooling, boiling produced by, 139; 
by evaporation, 23, 169; correc- 
tions for, 173, 473; heat lost bv, 
160, 165, 177, 287 ; law of (New- 
ton's), 687; method of, 144; rate 
of, 146, 976-977. 

Co-ordinate paper, see graphical 
method. 

Copper, deposited by current, 458, 
466, 1018-1019 ; electro-chemical eq. 
of (.000328 g. per ampere-sec), 458 
et teq., 843; pole of battery posi- 
tive, 436, 529; spiral, 459; sulphate 
of, 457, 851. 

Cords, sagging of, 345. 

Cork, det. of density of, 1039. 

Corrections and errors, 62, 117, 
744-745; discovery of, 624, 651, 
943; for buoyancy of air, 13-14, 
671-674 ; for cooling, 473 ; for refrac- 
tion (1' contan. A), 544; of amme- 
ters, 468; of apparent wt. and sp. 
gr., 672; of barometric readings, 
557; of spring balances, 339, 340; 
of volt-meter, 525; of weights, 38; 
not to be carried too far, 654. 

Cosecant defined, 766. 

Cosine defined, 765; of small an- 
gles, unity, 663; tables, 800-801, 
814-815. 

Cost, (see expense), 926. 

Cotangent defined, 766; tables, 
818. 

Coulomb's law, 720. 

Counter of revolutions, 536, 923. 

Counterpoise, use of in weighing, 
650. 



Counting oscillations, etc., 291, 318, 
619. 

Counting, proper method of, 286, 
294. 

Couples, 342, 354-357, 452-455, 
609, 710-711; arms of, 356, 403, 
609, 711; effect of, 354-360, fll; 
magnetic, 402, 727, 1141; magni- 
tude of, 356, 403, 711. 

Couplings, 436. 

Coversines defined, 766; table, 801. 

Critical pressure, 778; temperature, 
775; tables, 856-863. 

Cross-connections, errors due to, 
648; prevented, 648. 

Cross-hairs of telescope, 233, 672. 

Cross-section of cjiinders, wires, 
etc., 361, 368, 372, 377. 

Crushing strength, 774-775. 

Crystals, properties of, 852-855. 

Cubes defined, 763; tables, 795, 
806-807. 

Cubical expansion, 540, 684. 

Cups, nickel plated, 24, 912 ; porous, 
436. 

Current of electricity, 431 et seq.y 
611, 724-725; absolute meas., 447, 
611, 725 ; action on magnetic nee- 
dle, 440, 724; affects e. m. f., 3, 516 ; 
alternating, 559; assists chemical 
action, 206; copper deposited by, 
458; direction of, 72iet.»eg.; di- 
vision of, 451, 467, 731; heating by, 
471, 729; induced in wires, 428; 
lines of force due to, 439 ; magnetic 
meas. of, 725, 728; neutralization 
of, 502, 632; relative strength of, 
461-466; reversal of , 435 ; strength 
of, 431; strong avoided, 482; unit 
of, 611; voltaic, 468-470. 

Currents of air, 420; of liquid, 
378. 

Curvature, 86, 88; radius of, 547. 

Curves, Interpolation by, 665; in- 
terpretation of, 666; Lissajous', 
295; magnetic, 395, 396, 413, 421, 
720; of probability, 1113-1115; 
plotting, 470, 627, 665. 

Cutting lines of magnetic force, 
415-416, 424-425. 

Cycle, Lissajous*, 298, 301. 
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Cylinder, croM section of, 361, 372, 
377; moment of inertia of, 1147- 
1148. 



Dalton's law, 135. 

Danger, from fire, 140; from nitric 
acid, 206; from recoil of spring 
balance, 368; from sulphuric acid, 
463. 

Dsniell cell or battery (e. m. f. 1.0 
to 1.2), 436, 457, 463-464, 469, 498, 
520, 521, 529, 531, 532, 735, 890, 
900, 922. 

Dark glasses, 247. 

Dark room unnecessary, 227, 905. 

Data, see tables, 843-900. 

Dates in different years compared, 
792, 894. 

Day, mean solar, 606, 898; sidereal, 
898. 

Deception in concordance of results, 
595 et seq.; in reduction of consec- 
utive obs., 667. 

Deci (A)t 603. 

Decimal places, early custom, 590, 
in metric system, 603. See signifi- 
cant figures. 

Decimal points understood, 753. 

Declination of stars, 896 ; of sun, 
543, 895. 

Decomposition, 733. See elec- 
trolysis. 

Definitions, general, 602; of am- 
biguous terms, 739-745; of proba- 
ble error, etc., 65Q, 1109 et seq. 

Deflection, angle of, 407, 408, 440, 
459; magnetic, 405-408; of beams 
or rods, 350-354, 712, 1003, 1157- 
1160 ; permanent, 351 ; of suspended 
weight, 346, 347. 

Degree, centigrade, 680; estima- 
tion of tenths of, 114; of exhaus- 
tion, 68, 963. 

Delicacy, 419, 431, 432, 638. See 
sensitiveness. 

Demonstration, discovery of errors 
by, 624 ; of mathematical formulae, 
1130 et seq. 

Densimeters, 59, 912, 961. 

Density, and specific gravity, 674; 



and pressnre of gases, 682; and 
specific volume, 57; atmospheric, 
17-68, 874; defined, 2, 607, 674, 
742-743; determined, 1, 14, 951 et 
seq.f 1036 ; difference of, 675 ; of a 
block, 1 et seq,, 949-951, 1036; of 
air (.0012), 17-68, 874, 963; of 
alcohol, 46, 59; of brass (8.4), 368, 
900; of elementary substances, 843- 
845; of gases, 69, 783, 861-863,963; 
of glass (2.5 4-), 161, 853 ; of glyce- 
rine (1.26), 877; of hydrogen at 76 
cm. (.00008957), and at 1 mega- 
dyne (.00008837), 900; of iron 
(7.8), 847; of liquids, 2, 47-48, 58, 
63, 856-877; of mercury (13.6), 
161, 371, 877, 900; of solids, 846- 
855; of solutions, 878-881; of steel 
(7.9), 368, 847; of steam (aqueous 
vapor), 866, 874; of substances, 
843-881; of water, 2, 3, 590, 877; 
of water at 4P (maximum, 1.00001), 
900; reductions to (P and 76 cm., 
683, 783, 873-874; relative, 12; 
standards of, 61, 877, 900. 

Deposition of copper, 45§, 466. 

Depression, capillary, 20, 782. 

Depth of groove meas., 445. 

Despretz, conductivity of heat det. 
591. 

Detectors, 648. 

Determination, a stage in scien- 
tific progress, 592, 597, 603. 

Determinations, see Exps., 1-100. 

Deviation, angle of minimum, 547. 

Devices, electrical, graphical, me- , 
chanical, optical, etc., 618-619; in 
calorimetry, 186. 

Dew-point, 24, 25, 778-789, 867, 
868, 953. 

Diameter and volume of sphere, 
72, 799, 812-813; det. by spherom- 
eter, 88-89. 

Diatonic (musical) scale, 277, 893. 

Dictation, 941. 

Difference, method of, 280, 283, 
345, 361, 366, 622; of density, 675; 
of potential, 489, 512, 518, 583, 
889; of time, 546, 897. 

Differences, mathematical, 758- 
760; small, det. of avoided, 639. 
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Differential* galvanometer, 419, 
479, 923. 

Differential instruments, 629. 

Differential telephone, 564. 

Differential thermometer, 214, 916. 

Diffraction, 264-270, 697-698, 917, 
991-992. 

Diffusion of salts, 787, 885. 

Dimensions, 1189-1190; of earth, 
900. 

Dip, magnetic (in U. S. 70^-80°), 
422-430^ 722, 1014; of sea horizon 
(If. Vm), 544. 

Dipping-needle, 423, 921. 

Direct and indirect processes, 633, 
638. 

Direction, of acceleration and force 
the same, 705; of electric currents, 
724 et seq,; of induced currents, 
416, 417; of lines of magnetic 
force, 721. 

Directive force, 1136, 1140, 1157. 

Disagreement of scientific results, 
595. 

Disc, moment of inertia of, 1146. 

Discharge, intermittent, 661. 

Discordance of scientific results, 
595. 

Discordances to be brought out, 
594. 

Discovery of errors by logical anal- 
ysis, 624. 

Discrepancy of scientific results, 
595. 

Dislocation on vernier, 637. 

Dispersion. 777. 

Displacement of centre of gravity, 
349; of fluids by solids, 53-58, 671; 
of suspended weights, 346, 347. 

Dissimilars, attraction of, 719, 722. 

Distance, between poles of magnet, 
394; long, measured, 281; trav- 
ersed by falling body, 315 ; related, 
to length of pendulum, 320. 

Distortion of gauges, 73. 

Distribution of errors, 1110; of 
magnetism, 411, 414, 1018-1014; of 
time, 656, 1124-1126/ 

Diverging lenses, 243. 

Divided circuits, 503. 

Dividing engine, 571. 



Double key, 509, 

Double refraction, 547. 

Double-ring galvanometer, 448. 

Double weighing, 457, 650. 

Double winding, 434, 435, 474. 

Doublet (lens), 917, 1047. 

Draught from registers, 903. 

Drawers, 908-909. 

Driving-wheel of motor, 382, 535. 

Dropper (drop counter), 136, 915. 

Drying air artificially, 570. 

Dulong and Petit app. modified, 95, 
915, 966-967. 

Duplication, see reduplication. 

Dust, 902; precautions against, 29. 

Dynamics, 308-^93; meas. of ve- 
locity in, 308-315. 

Dynamo-machine, 536. 

Dynamo^wires,903; parallel, 434. 

Dynamometer, electro, 451, 727, 
922, 1016 ; transmission, 385. 

Dyne, 337, 861, 370, 372, 376, 377, 
400, 401, 403, 410, 461, 556, 608. 

Dyne-centimetre, 404. 



Ear, use of in measurement, 615, 
617, 619; musical required, 275. 

Earth, dimensions of, 900. 

Earth-inductor, 424, 921, 1014. 

Earth's magnetic poles, 897. 

Earth's magnetism, 422, 428, 461, 
722, 1142-1143; couple due to, 402, 
727 ; horizontal component of, 403 ; . 
lines of force affected by, 397, 414, 
462,465. 

Earth's quadrant (10,007 + m), 605. 

Earth's rotation, constant, 606. 

EbuUition (boiling), 139, 687. 

Echoes, 283, 285, 695, 994. 

Effective weights, 671, 874. 

Efftciency, 379-386; of electric mo- 
tor, 533, 1034; of water motor, 382- 
385, 1008, 1009; rehited to power 
and speed, 385. 

Efflux, 310, 377. 

Elasticity, 1150-1152; app. for det., 
919 ; modulus of, 360-367, 711, 1005, 
1151; of bending (flexure trans- 
verse), 353, 712, 1157-1160; of 
molecules, 692; of torsion (simple 
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rigidity), 354, 858, 538-539, 712, 
843-863; of volume (resilience), 
538^39; 775, 843*863. 

Electric absorption, 562; attrac- 
tions and repulsions, 719-720; ca- 
pacity, 559; charges, 1169; conduc- 
tivity, 843-847, 884; connections, 
321, 325, 436, 437, 618; control, 
575; curVents, 431 tt seq.j 611, 724- 
725; decompositions, 783; devices, 
61»-«19; induction, 736; leakage, 
437; measurements, 29, 431 et 
seq. ; method of coincidences, 325 ; 
method of det. sp. ht., 1044; micro- 
meter, 350, 919; motor, 538-536, 
923, 1034; potential, 488, 730, 1169; 
power, 729; quantity, 560, 729; 
resistance, 471 et $eq. ; resistance, 
app. for det., 922 ; resistance, spe- 
cific, 484; spark, 518; standards, 
580; telegraph, 284 ; units, 611, 612. 
See electricity and electro-. 

Slectricity, conductors and insu- 
lators of, 586; developed from am- 
ber, 585; flow of, 719; heating by, 
729; induction of, 415, 420, 737; 
nature of, 718; positive and nega^ 
tive, 487, 719 ; precautions, 29, 431; 
related to chemical bonds, 734; 
sUtical, 29, 560-567, 582-583, 718- 
720; thermo-, 215. See electric 
and electro-. 

Electro-chemical equivalents, 556, 
733, 776-777, 843-845; law of, 734; 
method of, 456, 1018 ; of Zn and Cu 
nearly equal, 466, 843, 845. 

Electrodes, 733. 

Electro-dynamometer, 451, 467, 
727,922. 

Electrolysis, 733. 

Electrolytes, conductivity of, 884; 
resistance of, 559, 891. 

Electro-magnets, 394, 412, 415, 
420. See telegraph inst. 

Electro-magnetic system, 511 et 
seq,, 560, 725. 

Electro-magnetic theory of light, 
692. 

Electrometers, 514, 517, 582-583, 
1171. 

Electromotive force, 511 et seq,, 



729, 889-«90, 1172-1173; absolute 
meas. of, 511 et seq,, 1034; and 
resistance, 729-738; app. for det., 
923; at rest and in action, 516; 
calculation of, 734 ; change in, due 
to current, 493 ; comparison of, 511 
et seq.; 565; in equilibrium, 503; 
in series, 735-736; methods of 
meas., 513, 518, 520, 524r-531, 1028 
etseq,i of cells, 735; of dissimilar 
substances in contact, 889; of 
thermo-junction, 520; unit of (volt 
'= 108 c. o. 8.), 612. 

Electrostatic methods, 514, 1171- 
1178; potential, 1169; system, 514, 
561, 565, 566. 

Element, volUic, 436, 443, 463, 490, 
569,735-736,890. See cells. 

Elementary substances, properties 
of, 843-845. 

Elevations, estimated by barome- 
ter, 871; of important places, 
897. 

Elongation of wires^ 363-366. 

Emerald green, 552. 

Energy, conservation (indestructi- 
bility) of, 693, 696, 715, 716-717, 
788; electrical, 511 (see power); 
kinetic, 716; lost in change of 
state, 686-690; lost in stopping, 
380; of light and sound, 693 ; of 
motion, 390, 715-716; potential, 
381,716; stored, 381; transforma- 
tions of, 715-717, 738. 

Engine, dividing, 571 ; gas, 903. 

Envelope, thermal, use of, 186. 

Equal altitudes, method of, 546. 

Equal temperament, 893. 

Equation, of time, 546, 793, 895; 
personal, 619. 

Equator, 543; gravity at, 608, 897; 
plane of the, 543. 

Equilibrium, hydrostatic, 63, 94, 
98, 669; of electromotive forces, 
503, 510, 522; of forces, 341, 347; 
stable and unstable, 309 ; thermal, 
679. 

Equivalent, electro-chemical, 466, 
556, 733, 776-777; law of, 734. 

Equivalent focal lengths (foci), 
1047. 
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Equivalent, mechanical, of heat, 
387, 1009-1010. 

Equivalent simple pendulum, 555, 
1137 et seq. 

Erasers prohibited, 947. 

Erg, the, 378, 387, 535, 609, 716. 

Error [s], accidental, 392, 615, 653; 
allowance for, 653 ; and corrections, 
62, 744-745; average, 1109 ; chissi- 
fication of, 615; combination of, 
1111-1113; constant, 615, 1112; 
discovery of, 595, 652; distribution 
of, 1110; in assumptions, 624 ; least, 
638; of adjustment, 621; of ob> 
senration, 614, 616, 1109 ; of mean 
square, 1109; personal, 288, 619; 
positive and negative equally prob- 
able, 1111-1112 ; probable, 658-659, 
745, 1109 et seq. — see probable 
error; probability of, 773-774, 842, 
1109 et seq.; proportional, 1123; 
quantitative treatment of, 697 ; re- 
sultant, 1111 ; search for, 599 ; slight 

i in method of coincidences, 326, 327 ; 
zero-, 621. 

Estimation of heights by barome- 
ter, 871. 

Estimation of tenths, 10, 617; in 
gauges, 636-637 ; in thermometers, 
114 ; in weighing, 39 ; of waves, 
290. 

Ether, the, 692. 

Evaporation, and boiling, 138; 
cooling by, 23, 169, 687; errors due 
to, 52,101; of aim, 370. 

Everett's units, etc., 795. 

Exactness, 594, 603. 

Examples, from note-book, 949-950 ; 
in least squares, 1126 ; in probable 
error, 1122; oif observations and 
calculations (exps. 1-100), 949- 
950, 951 et seq. 

Excentricity, 433, 575. 

Exhaustion, degree of, 68, 963. 

Expansion, absolute, 94-100, 966- 
967; apparatus, 913; apparent and 
real, 539 et seq. 

Expansion-chamber in thermom- 
eter, 109. 

Expansion-coefElcients, 843-863, 
969; cubical and linear, 540, 684; 



for brass (.000019), 900 ; for build- 
ing materials, 846-847 ; for chemical 
materials, 848-851; for elementary 
substances, 843-845; for gases 
(.00367), 126, 861-863; for glass 
(.000008), 47, 51; for liquids, 51, 
94, 100, 102, 684, 856-860; for 
mercury (.00018), 872 ; for optical 
materials, 852-855; for solids, 541, 
843-855 ; for steel or iron (.000012), 
900; for wood (.000005), 94. 

Expansion, corrections for, 782 ; in 
barometer, 21, 872; in gauges, 7, 75. 

Expansion, cubical, 540 ; examples 
of, 966 et seq.} linear, 90, 540; nega- 
tive, 684; of hollow bodies, 51, 540; 
of scales, 71 ; wave lengths of sound 
affected by, 271. 

Expenses, 926 et seq., 937. 

Experimental method, 593; abuse 
of, 598. 

Experiments, illustrative, 932; lists 
of, 1035, 1066, 1079; on use of 
printed forms, 942; results from, 
951 et seq. ; two classes of, 944-945. 
See table of contents. Parts I. and II. 

Explanation of tables, 761-793. 

Extension of tables, 752. 

Extraordinary indices of refrac- 
tion, 852-855. 

Eye, persistence of impressions on, 
303; use of, 615, 619. 

Eye-and-ear method, 324, 619. 

Eye-piece, micrometric, 574; of 
telescope, 233. 



Factor, reduction, 446-447, 456-460, 
495, 499, 556. 

Fahrenheit thennometer,*589, 892. 

Fall of potential, 528, 730; of water, 
389. 

Fallacy, in concordance of results, 
595; in reduction of consecutive 
obs., 668. 

Fallinff bodies, 309-311, 313 et seq., 
919, 997 ; laws of, 706-707 ; mate- 
rial of, indifferent, 328. 

Farad (10-9 c. o. s.), 560. 

Favre and Silbermann's calorime- 
ter, 191. 
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F668, laboratory, 927. 

Farro-pnusiate paper, 395. 

Fibra of untwisted silk, 412, 431, 
461, 579. 

Field of force, 461, 721, 724, 725, 
1141-1142. 

Figures, etc., understood, 753; sig- 
nificant, 660-662; to be preserved, 
624, 946. 

Filings, iron, 395, 721. 

Film of liquid, 369, 870. 

Fire, danger of, 140. 

Fitzeau's det. of velocity of light, 
552. 

Fixed points of thermometer, 106, 
114. 

Fixed stars, 896. 

Fixing blue-prints, 396. 

Flame, sodium, 917. 

Flash and report, 284. 

Flask, Florence, 139, 913 ; sp. gr., 70. 

Flexure, laws of, 353, 712. See 
bending. 

Floor, distances meas. from, 433. 

Florence flask exp., 139. 

Flotation, 2, 1036. 

Flow of electricity, 719; of heat, 
541 ; of water, 376 et teq,, 713, 1149- 
1150. 

Fluids, friction of, 375-376 ; prop- 
erties of, 843-845, 856-866; stream 
of, 310. See liquids and gases. 

Focal lengths (foci), 230-244, 700- 
702, 987 et seq. ; apparatus for, 916; 
conjugate, 236-239, 700; equiva- 
lent, 1047; of mirrors, 239-242; 
principal, 230-236, 238, 243, 547, 
700; virtual, 239-244, 1047. 

Focussing, a telescope, 233; by 
color method, 234; by parallax, 
232; for parallel rays, 233-234. 

Foot, the (30.4796 cm.), 898. 

Foot-pound (about 13,550,000 ergs), 
899. 

Forbes, G. H., method of testing 
spring balauces, 340; method of 
eliminating yielding of support, 
364. 

Force [s], 380^86, 608, 742; abso- 
lute meas., 334, 337, 608-609, 705, 
999; and work, 703-717; calculation 



of, 335; centrifugal and centripetal, 
390, 1130 ; cohesive, 687; compo- 
sition of, 337 et seq.t 704, 1000 et 
seq.; directive, 1136; due to fric- 
tion, 373 et seq. ; electric, 720 ; elec- 
tro-magnetic, 725; electromotive, 
511 et seq,, 729, 889-890 ; equal and 
opposite, 356; field of, 461, 721, 
724, 725, 1141-1142; indicated by 
spring balance, 339; in equi- 
librium, 347; lines of, 397, 721; 
magnetic, 398; not necessary to 
maintain motion, 705; oblique, 
work done by, 714-715; parallel, 
centre of, 710 ; point of application 
of, 710; resolution of, 375; system 
of, 710; triangle (parallelogram) 
of, 703. 

Fork for surface tension, 369, 920, 
1006. See tuning-fork, 270-307, 
918. 

Forms, printed, 942-944. 

Formulas, proofs of, 1130 et seq.; 
useful, 1174 et seq. 

Fortin's barometer, 18, 19. 

Fouoault's det. of velocitv of light, 
553. 

Four-place tables, 802-821. 

Fracture, by bending, 354; by 
stretching, 367, 1005 ; by twisting, 
357. 

Frame, micrometer, 90, 915. 

Franz, Wiedemann and, 591. 

Fraunhofer lines, 892. 

Freezing mixtures, 112. 

Freezing-point (see melting, so- 
lidification, etc.), 116, 856-860; of 
thermometer, 116. 

French Archives, 332, 605 ; weights 
and measures, 898-900. 

Frequency of vibration, 694. See 
pitch. 

Friction, affects accumulation of 
impulses, 641; affects balance, 30; 
affects densimeter, 61; avoided in 
Nicholson's hydrometer, 9; coeffi- 
cients of, 373-378, 887, 1007-1008 ; 
errors due to, 388, 340; hydraulic, 
378; in capillary tubes, 876 — see 
viscosity; of air governs toothed 
wheel, 302; of fluids imaffected by 
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pressure, 375; of pulleys, 386, 387; 
of solids affected' by pressure, 373, 
376 ; relieved by jarring, 431 ; start- 
ing, 374; tables for, 887 ; transforms 
work into heat, 380. 

Priction-brake, 387. 

Function defined. 748-749 ; tables, 
797-842. 

Fundamental tone, 275. 

Fundamental units, 607. 

Furnace heat, 903. 

Fusion, latent heat of, 199; temp, 
of, 140, 843-855. See melting, and 
liquefaction. 



Gallon, imperial (10 lbs. water), 
and U. S. (231 cu. in.), 898. 

Galvanic cell, 436, 569. See cell. 

Galvanometer [s], astatic, 215, 
418-420, 429, 525, 534; ballistic, 
517, 562, 565, 921, 1014; comparison 
of, 448-451, 1058; constants of, 
437 et seq.^ 1015 ; construction of, 
418-420, 429, 525, 534; differential, 
419, 479, 521, 923; double-ring, 
448, 922, 1015; mirror (Thom- 
son's), 579 ; multiplier, 641 ; needle, 
length of, 438; reduction factor of, 
446-447, 456-460, 495, 499, 556, 
1015, 1018 ; resistance of, 487, 1026 ; 
sensitiveness of, 420, 489, 580; 
single-ring, 438, 922, 1015 ; shunted, 
493; tangent, 437, 448-451; tan- 
gent, best deflection of (45°), 639; 
tangent, calibration of, 441 ; vibra- 
tion, 460, 922, 1019. 

Galvanometry (current measure), 
431 et .'(eq.f 1015 et seq. ; apparatus 
for, 922. 

Gases, density of, 69; expansion 
coef. of (.00367), 126, 861-863, 900; 
interdiffusion of, 869; pressure of, 
127, 680; and density, 682; and 
temp., 131, 683; and volume, 682- 
683; properties of, 861-863; ratio 
of two specific heats (1.408), 900; 
reductions of density, pressure, and 
volume, 783, 873; specific heat of, 
187-190, 861-863; stream of, 310. 

Gas-engine, 903. 



Gas-light, slightly actinic, 396. 

Gas-supply, 906. 

Gas-voltameter, 557. 

Gauges (calipers), 5, 73, 82; distor- 
tion of, 73; expansion of, 7; for 
wires, 893; hj'drostatic, 98; loose- 
ness avoided, 74; micrometer, 73, 
81, 90, 913, 964; parallax avoided 
in, 77 ; precautions with, 75 ; pres- 
sure-, 384, 669; vernier-, 5-7, 73, 
635-636, 909, 964; long, 444, 909. 

Gauss, tables referred to, 794. 

General methods, 599-600, 626. 

Generator, steam, 90, 115, 203, 
520. 

Geographical data, 897. 

Geometric mean, 411, 663. 

Glass, annealing destroyed, 105; 
balls, 42; calorimeter, 206; coef. 
of expansion (.000008), 47, 51, 846, 
853, 900; dark, 247; density of 
(2.5 +), 43 et seq.y 846, 853, 900; 
horizon-, 247, 249; measuring-, 159; 
plates, 84, 913 ; red or ruby, 229, 
551; smoked, 288; specific heat of 
(.19), 846,853; tubes of, 912. 

Glycerine (density, 1.26), 877. 

Goniometry, 259, 917. 

Governor, 302. 

Graduation, a stage in scientific 
progress, 592; method of, 629; 
testing, 74. 

Graham's results on diffusion, 885. 

Grain, avoirdupois (.0647987 gram), 
898; of wood, 374. 

Gram, the, defined, 606. 

Graphical method, 12, 62, 103, 120, 
135, 152, 173, 288, 296, 309, 335, 
413,421, 618, 665; pitch det. by, 
288, 995; representation of e.m.f. 
by, 527. 

Graphite, 843. 

Grating, dilfraction, 267-270, 697- 
698, 917, 991-992. 

Gravity, acceleration of (978-983), 
328-330, 739, 897, 1134; action on 
falling bodies, 706-707, 997; affects 
all materials alike, 328; attraction 
of, between unit masses, 900; centre 
of, 348-350, 710, 1002, 1102-1107 ; 
specific, 674 et ^e^. — see specific 
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gravity; table for, 329; nnivenal, 
332; variatioas in, 608. 

Green, emerald* 552. 

Oreenwioh, meridian and time of, 
546. 

Groove, depth meas., 445, 1015. 

Ground, electrical, 564. 

Grove's ceU (emf., 1.9), 890. 

Guide-wire for Nicholson's hy- 
drometer, 9. 

Guthrie, exp.. 389. 

Gyration, radius of, 1137. 



Habits of counting, 287. 

Hall, £. H-, application of graphical 
method, 288; bobbin, 367; defini- 
tion of inertia, 333, 741; exp. on 
centre of gr., 350; pressure-gauge, 
669. 

Halvings, successive. 626. 

Hammer and plank, 285. 

Handkerchief, diffraction produced 
by, 264-266. 

Hardness, Mohs' scale of, 587; of 
substances, 843-855. 

Harmonic method, 275. 

Harmonics, 275-276 ; of tubes, 696. 

Harmony, 294. 

Harvard College, lists of exps. pro- 
posed for admission to, 1035, 1066, 
1079; tables showing correspond- 
ence with requirements of, 1065, 
1078, 1095. 

Headings, prominent, 948. 

Head, of torsion app., 334, 358, 919; 
of water, 730. 

Heat, 679-690; absorption of, 887; 
and temperature, 679, 684-685; 
apparatus, 913, 916; conduction of, 
541, 591, 688, 776, 843-847, 852- 
863,* contraction due to, 684 i con- 
vection of, 688 ; developed by com- 
pression of air, 1163 ; developed by 
electric current, 471, 729; devel- 
oped by friction, 380; developed in 
calorimeter, 688-690 ; expansion 
by, 684 — see expansion ; inde- 
structibility of, 688-689; latent, 
199, 202, 686-690 — see latent heat ; 
lost by cooling, 150, 165, 177, 387; 



mechanical eq. of (4.17 X 107), 387, 
611; of combination, 205, 690, 789, 
888, 984; of combustion, 210, 690, 
789, 888; of solution, 194, 690, 981 ; 
radiation of, 212, 688, 788-789, 887 ; 
specific, 154, 178-194, 685, 979 et 
teq.{ transmission of, 887; unitof^ 
610. 

Heater, steam, 167, 179. 

Heating by electric current, 504, 
729; by furnace, 903; rate of, 473; 
resistance and e.m.f. det. bv, 471^ 
511, 1021-1023, wires avoided, 436. 

Heights, estimated by barometer, 
871; thermo-electric, 843-847; t6 
which bodies rise (e* •*■ 2^), 707. 

Hektograph, 941. 

Heliometer, pyro-, 212. 

Helix (induction coil), 416, 921. 

Him's exp., 389. 

Hofmann's violet, 552. 

Hood, 905. 

Hooke's law, 362, 711. 

Hollow body, expansion of, 51, 540. 

Horizon, 543; artificial, 541, 917; 
dip of, 544; -glass, 247, 249. 

Horizontal component of earth's 
magnetism, 403, 404, 440, 449, 456, 
460, 1142 1143. 

Horizontal parallax, 544. 

Horizontal plane, 543. 

Horse-power, English (745 watts) 
and French (735 watts), 610, 
899. 

Hue (color), 263. 

Humidity; 778-779; affects veloc- 
ity of sound, 279; atmospheric det., 
23; relative, 25; tables, 866-869, 
871, 874. 

Huntington, O. W., tables, 794. 

Hydraulic friction, 378. 

Hydrogen, density of at 76 cm. 
(.00008957) and at 1 megadyne 
(.00008837), 900; electro-chemical 
eq. (.01038 mgr. per ampere-sec), 
844, 900. 

Hydrometers, Nicholson's, 8-16, 
911, 952: testing, 59; with arbi- 
trary scales, 59, 688, 892. See 
densimeter. 

Hydrostatic, arch, 43; balance, 43- 
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48; 956-958, 1039; pressure, 377, 

378, 538, 669-670. 
Hydrostatics, 669 et aeq. 
Hysrodeik, 24, 910, 953. 
Hysrometric tables, 868. 
Hypaometrio tables, 867. 



Ice, -calorimeter, 191-192; cleans- 
ing of, 200; latent heat of (see 
water), 199, 854; melting (at 0°), 
92, 97, 116, 123, 130, 179; -trough, 
123,130; bottle for, 179. 

Icoaahedron, use of, 79-80. 

Ideal simple pendulum, 319. 

Identification of insts., 623. 

Illumination, intensity of, 613. 

Images, formed by diffraction, 264- 
265; inverted, 701; of lenses, 231, 
237, 701; of mirrors, 239 et teq.; 
real and virtual, 239, 701; size of, 
701. 

Impact (collision), 311-313, 1052, 
1053. 

Imperial yard (91.4389 cm.) and 
gallon (4541 grams), 898. 

Impulses, 379, 576; series of, 641. 

Impurities affect results, 945 ; affect 
surface tension, 370. 

Incandescent lamp, 218. 

Inch (2.5400 cm.), reductions of, 
870, 898. 

Incidence, angle of, 699. 

Inclination, errors from, 76; cor- 
rection for, 340; tables for (cover- 
sines). 801. 

Inclined plane, 374. 

Inconstant cells, 531. 

Independent arguments, 664, 754^ 
756; reasons, 712. 

Indestructibility (conservation) of 
energy, 693, 696, 714, 716, 738; 
of matter, 742. 

Index, mercurial, 119, 537; (point- 
er), 614; of dispersion, 264. 

Index of refraction, 263, 547-548, 
699, 777, 1164 et seq. ; a ratio, 604; 
extraordinary, 852-855; for gases, 
861-863; for'liquids, 548, 856-860; 
for solids, 852-855; for solutions, 
885. 



Index-glass, 247, 249. 

India rubber, 363; stoppers of, 913; 
tubes of, 912, 914. 

Indicator-board, 645, 929. 

Indirect processes, 633. 

Individual (separate) system, 930 
et seq. 

Inductive capacity, specific, 563, 
1173. 

Inductive reasoning, 593. 

Induction, electrical, 415, 420, 737 ; 
magnetic, 400, 414, 434, 462, 724. 

Induction helix, 416. . 

Inductor, earth-, 424, 921, 1014. 

Inertia, 330-337, 739, 740, 741, 
998-999; force of, 333,741; Hall's 
definition of, 333, 741 ; moment of, 
1136, 1143, 1145 et seq. ; retarda- 
tion attributed to, 332, 740. 

Inference, errors of, 616, 622-623; 
to be distinguished from observa- 
tion, 623. 

Infinity-plug, 508. 

Injector, 912. 

Ink, colored, used in making correc- 
tions, 946-947. 

Instantaneous views through 
toothed wheel, 303 et seq,, 321, 
325. 

Instruction, 939 et seq. ; by lec- 
tures, 930-934. 

Instruments, differential, 648? me- 
teorological, accuracy of, 676 j of 
precision, 568 et seq. ; to be identi- 
fied, 623. See apparatus. 

Instrumental errors, 616, 621. 

Insulating material, 145, 586; re- 
sistance of, 891. 

Insulation, electrical. 437; ther- 
mal, 541; of air spaces great, 145. 

Integration avoided, 1097. 

Intensity, 613. 

Interchange, method of, 650* of 
connections. 518, 531 ; of resistances, 
479, 480, 488; of weights, 5, 36-38. 

Interdiffusion of gases, 780, 869. 

Interference of light, 264-270, 696- 
698; of sound, 270-273, 292, 293, 
992-993. 

Intermittent discharge, 561. 

Interpolation, 480, 510, 664, 665, 
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761 et itq. , by cnires, 152 « for- 
mulft for, 31, 33, 1174; in tables, 
761 et uq, ; in weighing, 31, 33; 
inyerae, 762-763; methods of, 
645. See coincidences, subdivision, 
tenths, etc. 

Interpretation of cures, 665, 666. 

Intersection of plumb lines at cen- 
tre of gr., 348. 

InterralB, musical, 278-278 • relat- 
ed to Lissajous' curves, 297. 

Introduction to Part III., 585. 

Inverse interpolation, 762-763. 

Inverse order of repetition, 164. 

Inverse squares, law of, 213, 692, 
693, 739. 

Inversion of images, 239. 

Iron, coef. of expansion (.000012), 
844, 847; density of (7.8), 847; -fil- 
ings, 395, 439, 721; properties of, 
721 ; use of in construction avoided, 
433, 901; use of in magnetic app. 
avoided, 405, 439. 

Irregularity of speed, errors from, 
avoided, 290. 

Irrotational pendulum, 320-327, 
918. 

Isochronism, 709. 

Isotonic scale, 277, 893. 

Isotropic substances, 1150. 



Jacket, steam. 90, 95, 914. 

Jars, stone, 383. 

Jarring, avoided, 431; relieves fric- 
tion. 431. 

Jaws of vernier, 6. 

Joint, Y, 64. 

Jolly's balance, 1037; applied to 
dynamical meas., 331. 

Joule, the, 610. 

Joule's exp., 387; law, 473, 484, 
729; mechanical eq. (4.17 X 10^), 
391-392. 

Junction, thermo-, 215, 520, 737- 
738, 923. 



Kater's pendulum, 576. 
Kathetometer, (cathetometer), 
672-573. 



Kerosene lamp, 216, 225, 916. 

Keys, 436, 487, 490, 508, 529-530, 
922; double, 509. 

Kilogram-metre (about 98 meg- 
ergs). 380-381, 899. 

Kinetic (cinetic) apparatus, 918; 
energy (energy ofmotion), 715, 716. 

Kinks avoided. 366, 367. 

Kirchoff , Bunsen and, scale of, 892. 

Kohlrausch's physical measure- 
ment, 782, 793. 

Knife-edges, of balance, 32; of re- 
versible pendulum, 555. 

Knife, imaginary, electrified, 415. 

Knot in cord used to count revolu- 
tions, 386. 



Ijaboratory, cost of, 926 ; fees, 927 ; 
Jefferson Ph^'sical, results obtained 
in, 951 et seq. ; the, 901. 

Ijamp, incandescent, 228; kerosene, 
216, 218, 916. 

Iiamplight slightly actinic, 396. 

Ijandolt and Bornstein, tables, 
795. 

Ijantem for projections, 231. 

Ijatent heat, 686-690, 776, 982-983, 
1045; explanation of, 687; of lique- 
faction (fusion, melting, solidifica- 
tion), 199, 843-855, 982; of solution, 
194; of steam (536), 202, 687, 900, 
983; of vaporization, 202, 856-863, 
983; of water (79 or 80), 199, 542, 
686, 900, 982; tables for, 843-863. 

Iiatimer Clark, 516, 629, 577, etc. 
See Clark. 

Iiatitudes det., 543; table of, 897. 

Iiaw of Boyle and Marlotte, 598. 
682; of capillary attraction, 372; 
of Charles, 683 ; of cooling (New- 
ton's), 687; of Coulomb, 719-720; 
of Dalton, 135; of electro-chemical 
eqs., 734; of falling bodies, 706- 
707; of flexure, 353, 712; of Hooke, 
362, 711; of inverse squares, 692, 
693, 739; of Joule, 729; of lenses, 
700; of Ohm, 488, 730; of mean 
squares, 1117; ofmotion, 705-706; 
of pendulum, 316; of Poiseuille, 
730; of reflection, 245, 695; of re- 
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fraction, 699; of tangents, 439, 452, 
525; of vibration, 709. 

Iiaws and Principles of Physical 
Measuremtot, 600 et seq. 

Iiead shot, sp. ht. of der., 389 et seq, 

Iieakage, electrical, 437. 

Iieast count, 634, 644, 645. 

Least error, 638. 

Least squares, 1125; example in, 
1126. 

Iieelauche cell (e.m.f. 1.3), 436, 
469, 529, 890, 922. 

Lecture system , 930-934, 939 et seq. 

Iiensth, app. for det, 913; meas. 
of, 5; of pendulum, 317, 319; of 
waves of light, 263, 264, 892; of 
waves of sound, 270-273; standards 
of, 71, 268; unit of, 605. 

Lens, converging, 230, 236, 242, 618, 
910, 916, 1065 et seq. ; compound, 
1167; curvature of, 88, 965; diverg- 
ing, 243, 916; double convex, 547; 
doublet, 917, i047; foci of, 230- 
244, 547, 700; images formed by, 
231, 237, 701; index of refraction 
of, 1165 et seq. ; law of, 700 ; long 
focus, 242, 916 ; magnifying power 
of, 243; used for Lissajous' curves, 
300. 

Xietter-balances, 534. 

Level, analogous to potential, 730; 
of pressure-gauge and outlet the 
same, 384 ; spirit, 423, 910. 

Levelling screws, 438. 

Lever, 341 et seq., 919, 1000. See 
couples. 

Light, absorption of (color), 551; 
actinic, 694; and sound, 691 et 
seq. ; apparatus for meas., 916-918; 
beam of, 694; bending of, 694, 698; 
diffraction of, 264-270; dispersion 
('f , 262-264 ; electro-magnetic theorj' 
of, 692; energy of, 693; intensity 
of, 613; interference of, 264-270, 
693-694; medium traversed (ether), 
692; monochromatic, 262, 547; po- 
larized, 548 ; ray of, 547; rectilinear 
motion explained, 693-694; reflec- 
tion of, 239-242, 255, 258 ; refrac- 
tion of, 257-264 ; time occupied by, 
in traversing short distances, 284, 



552, 567, 1167; velocity of (3X1010), 
552, 900 ; vibrations of, transverse, 
548, 6^2; wave-lengths of, 547, 
892. 

Limb of sun, 543, 545. 

Limiting angle (coef. of friction), 
373-375, 887. 

Linear coef. of expansion (^ cubical 
coef.), 90, 684. 

Lines of application of forces, 356, 
710. 

Lines of force, magnetic, 397, 406, 
413, 415, 422, 425-427, 721, 724; 
cut, 41&-416, 424-425; direction of, 
721 ; due to current, 439. 

Lines of spectrum (Fraunhofer's), 
892. 

Lines, plumb, 574. 

Liquefaction, latent heat of, 109. 

Liquids, ascent of in capillaiy 
tubes, 371; buoyancy of, 43 et seq., 
670-671; compressibility of, 540; 
density of, 47,48, 856-860; efflux 
of, 310, 377; elasticity of, 640, 856- 
860; equilibrium of (balancing col- 
umns), 63, 94, 98; expansion of, 
51, 94, 684, 856-860; films of, 369; 
hydrostatic pressure of, 63 et seq., 
94, 98, 377, 378, 538, 669-670; 
pressure of vapors of, 132 et seq., 
856-860, 864-866 et seq. ; proper- 
ties of, 856-860; refractive indices 
of, 548, 856-860, 885, 1167 et seq.; 
specific heat of, 184 et seq., 856- 
860; surface tension of, 369-371; 
viscosity of, 556, 856-860, 1149. 

Lissajous' curves and cycles, 295- 
301, 996, 1049-1051; formulae for, 
299 ; production of by small lens, 
300. 

Lists, of apparatus, 909; of experi- 
ments, 1035, 1066, 1079. 

Litre (1000 cu. cm.), — . 

Load, effect of, on beats, 293; on 
oscillations, 331, 332; on magnetic 
needle, 412, 420; on toothed wheel, 
303; on tuning-fork, 293, 301; re- 
lated to deflection of beams, 350- 
354; wire straightened by, 366. 

Loaded board, 348. 

Lobes in Lissajous* curves, 299. 
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Ijoeal and Greenwich time, 546. 

liocation of centre of gravity, 348. 

liOgarithmio sines and tangents, 
768-769, 816-817, 820-821. 

Ijogarithms, characteristic and 
mantissa of, 769 ; table of, 3 place, 
799 ; 5 place, 822-841 ; use of ex- 
plained, 662, 769-773. 

liOglcal analysis, 624. 

Long bar magnet, 411-414. 

Long micrometer (firame), 90, 915. 

Long vernier gauge, 444, 909. 

Longitudes, det., 546; table of, 
897. 

Longitudinal vibrations of wire, 
554, wave motion, 1160. 

Loop of wire, currents induced in, 
415, 424-428. 

Looseness of gauges, 74. 

Loss, of heat by cooling, 150, 165, 
177, 387; of material in transfer- 
ring, 168; of weight from evapo- 
ration, 169; of weight through 
buoyancy of fluids, 43 et seq.^ 670- 
671. 

Luminosity, relative, 551. 

Lunar observations, 547. 



Machine, dynamo, 536; theoret- 
ically perfect, 380. 

Magnet, action of, on currents, 725; 
arc of isochronous vibrations lim- 
ited, 412, 413; bar, long, 411-414, 
710, 921, 1013-1014; compound, 
395, 487, 490, 921, 1010 et seq.; 
dipping-needle, 423 ; vibration, 412, 
921, 1013. See magnetic and mag- 
netism. 

Magnetic, apparatus, 921; area, 
452, 726, 727, 1016; attractions and 
repulsions, 399, 407, 413, 722-723, 
1010; bodies, positions noted, 432; 

' centres, 710. 721 ; couple, 402, 727, 
1011-1012,1141; current-measure, 
725-728; curves, 395, 396, 413, 
421, 720; deflections, 405-411, 
1011-1012; dip, 422-430, 1014; 
field, 724, 1012, 1141; field, action 
on currents, 439, 725, 736; field, 
created by currents, 718, 724; 



field, rotary polarization of, 887; 
forces, 398 et seq.^ 1011-1012; 
forces meas. by balance, 398, 1011; 
forces, protection from, 432; in- 
duction, 400, 724; lines of force, 
397, 406, 413, 415, 422,425-427, 721- 
724; measurements, 394-430, 1010 
et teq, ; meridian, 422, 423, 429, 
434, 462, 721; moment, 402-404, 
409, 411, 1011 et seq. ; needle or 
pendulum (see magnet), 440, 709, 
710, 1140; needle related to cur- 
rent, 724r-725; needle, throw of, 
709; pendulum, 440, 709, 710, 1140; 
poles, 394, 398, 710, 721, 1010 et 
§eq. ; poles, distance between, 394, 
414,422, 1010, 1013; poles, strength 
of, 398; saturation, 788; surround- 
ings, 432; susceptibility, 788, 887, 
900; system, 611 et uq,, 560, 725. 
See magnet and magnetism. 

Magnetism, Ampere's theory of, 
718; distribution of, 411-422, 1013- 
1014; imparted to magnets, 394, 
412, 419, 423; induced, 400, 724; 
nature of, 718, 720; of earth, 
397, 402; of earth, horizontal com- 
ponent of, 403, 404, 440, 449, 466, 
460, 1012, 1142-1143; of sub- 
stances, 887; permanent or resid- 
ual, 887; positive (north) and 
negative (south), 415-418, 611; 
preservation of, 482; quantity of, 
611, 722; reversed, 424; unit of, 
611. See magnet and magnetic. 

Magneto-induction, 415, 736, 921. 

Magnetometer, 405-408, 1142. 

Magnifying glass (lens), 230, 236, 
242, 618. 

Magnifying power, 243. 

Magnitude, of couples, 711; of 
force, 705; of velocity unchanged 
in absence of force, 706; order of, 
627. 

Mance's method, 490-493, 1026. 

Manipulation in physical meas., 
593; of a balance, 27.' 

Manometer, air, 132, 538, 913, 973- 
974. 

Manometric apparatus, 129, 915. 

Manse, see Mance (490-493). 
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Mantissa, 769 

Marble (ball), 42, 87, 308, 312. 

Mariotte's bottle, 284, 556; law 
(Boyle and Mariotte), 598, 682. 

Markers, 334, 355. 

Mass, 741, 742; and weight, 332, 
740; estimated by impact, 313, 
1053; by oscillations, 330-332, 998; 
in grams, 333, 740, 741, 742; stan- 
dard of, 332; unit of, 606. 

Match, application of, 314. 

Materials, battery, 463 et teq., 922 ; 
building, 846-847; chemical, 848- 
851; of pendulum indifferent, 328, 
330; optical, 852-855; properties of, 
843-863. 

Mathematical processes, abbreviat- 
ed, 662-663; proofiB of, 1130 e^se^.; 
insignificant figures generated by, 
661; tables, 749. 

Matter, characteristics of, 739; in- 
destructibility of, 742; quantity 
(mass) of, 741-742. 

Maximum and minimum (self-reg- 
istering) thermometer, 97. 

Maximum density of water 
(1.00001), 673 ; efficiency related to 
power and speed, 385; magnetiza- 
tion of substances, 887 ; reading of 
spring balance recorded, 868 ; strain, 
362-363 — see breaking strength; 
temperature, 540. 

Mean, arithmetic, 411, 663, 1127; 
geometric, 411; noon, 546; solar 
day, 606; squares, 1109, 1114, 1117, 
1118; time, 546. 

Measure, tape, 445, 909. 

Measurement, nature of, 602; rel- 
ative and absolute, 591-592, 603. 
See table of contents. 

Measures, reductions of, 898-^00. 

Measuring-glass, 159, 915. 

Mechanical devices, 618; equiva- 
lent of heat (4.17 X 10^), 611, 
898, 1009-1010; equivalents det. of 
sp. ht. by, 387. 

Medicine dropper, 136, 915. 

Medium, luminiferous (ether), 692. 

Megadyne (1,000,000 dynes), 338, 
383, 871. 

Megerg (1,000,000 ergs), 383. 



Melloni's (optical) bench, 216. 

Melting, latent heat of, 199. See 
liquefaction. 

Melting-points, 140, 843, 855, 975; 
of ice (0°), 605. See temp, of fu- 
sion, liquefaction, solidification, 
etc. 

Meniscus, 18, 782. 

Mercury, amalgamation with, 437, 
463, 465; barometer, 17 et teq,, 
781-783, 872; calibration by, 371, 
641 ; calorimeter, 191; chronograph, 
284; cleaning, 17 ; connections, 437; 
density of (13.6), 877; expansion 
coef. of (.00018), 844, 859, 900; in- 
dex of, 537, 614; manometer, 129; 
specific resistance of (.942 X 10^), 
900 ; specific volume of, 876 ; thread 
of, 110 ; thermometer, 104 et teq, ; 
vapor of, 20, 22, 866. 

Meridian, length of earth^s, 605; 
magnetic, 422, 423, 429, 434, 462; 
of Greenwich, 546. 

Meshes, images due to, 264-266. 

Meteorological insts., accuracy of, 
676; examples, 952-953. 

Method, experimental, 593; abuse 
of, 598. 

Methods and Principles of Physical 
Measurement,585 ; general, 599-600. 

Metre rod, 909 ; the, 603,605; stan- 
dard, 605. 

Metric system, 603. 

Metronome, 285. 

Microfarad (lO-W C. G. S.), 561. 

Microhm (1,000 G. G. S.), 485. 

Micrometer, electric, 350, 365, 919; 
eye-piece, 574; frame, long, 90,915 ; 
gauge (calipers), 73, 81, 351, 360, 
361, 368, 486, 913, 964. 

Microscope, 571, 618. 

Middle-point of thermometer, 118. 

Middle third of consecutive ob?. 
omitted, 667. 

Mile, nautical (1.852 kilom.) and 
statute (1.60932 kilom.), 898. 

Millimetre (0.1 cm.),—; scale, 9. 

Minimum deviation, angle of, 547; 
number of weights employed, 631 ; 
of sound in telephone, 564-565; 
visible angle, 260-269. 
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Mirror, concave aod conyex, 240, 
917; foci and images, 239-241; 
-galvanometer (Thomson's), 679; 
revolving, 553 ; used to avoid par- 
allax, 616; virtual image of, 701. 

Miscount avoided, 287. 

Mistakes and errors, 615; discov- 
ered by check methods, 652. 

Mixtures, freezing, 112; method of, 
178, 184, 192; table for, 885. 

Modulus of elasticity, 711 ; of resil- 
ience of volume, 538; of torsion 
(simple rigidity), 538, 554, 775, 
843-847, 1153-1166; of transverse 
elasticity, 353; Young's, 360-367, 
920, 1005, 1151. 

Mohs' scale of hardness, 587. 

Moisture (aqueous vapor), 29, 121, 
866-869, 871, 874. 

Molecules, elastic, 692; space oc- 
cupied by, 680; velocity of, 681; 
velocity of, affected by cohesive 
forces in change of state, 689 ; vi- 
bration of, 679; weight of, related 
to sp. ht., 686. 

Moments, magnetic, 402-404, 409, 
410; mechanical, 341 et tteq., 1102 
— see couples; of inertia, 1136, 
1143, 1145 ei seq. 

Momentum, angular, of needle, 
417. 

Monochord (sonometer), 274, 918, 
1049. 

Monochromatic light, 262, 547. 

Moon, observations of, 547. 

Morin*s apparatus, 309. 

Motion, components and resultants, 
703; energy of, 715; laws of, 705- 
706; maintains itself in absence of 
force, 706 ; oblique, work done by, 
714; of waves, 691, 1160; relative, 
703. 

Motor, efficiency of, 382-385, 533 ; 
electric-, 533, 923, 1034 i water-, 382- 
385, 920, 1008-1009; work done by, 
382; work spent upon, 383, 713. 

Moving body, energy of, 715-716. 

Multiple arc, connections in, 451, 
467, 731, 735. 

Multiples how produced, 629. 

Multiplication, abbreviated pro- 



cesses, 663; method of, 16, 41, 177, 
285, 640; of physical quantities, 
661. 

Multiplier (galvanometer), 641. 

Musical ear required, 275; inter- 
vals, 273-278, 295-301, 993; nota- 
tion, 277 et seq., 293 ; note, 694, 695 ; 
note due to longitudinal and tor- 
sional vibrations, 554; pitch, 291; 
scale, 277, 791-792, 893. See 
Lissajous' curves, monochord, and 
sound. 



Nature of electricity and magnetism, 
718; of measurement, 585-691, 
692. 

Nautical almanac, 543, 546, 795, 
895; mile (1.852 kilom.), 898; ob- 
servations, 543. 

Near-sighted (diverging) lenses, 
244. 

Needle, magnetic, affected by cur- 
rent, 718, 724; arc of isochronous 
vibration limited, 710; astatic, 418, 
431, 433; compass-, 397; dipping-, 
423; galvanometer, 418-420; series 
of impulses given to, 641 ; throw 
of, 609. 

Negative characteristics in loga- 
rithms, 667; expansion of water, 
0° to 4°, 684; indications charac- 
teristic of null methods, 648; mag- 
netism, 611; readings, 82, 252; 
sign, use of, 753. 

Network, diffraction produced by, 
265-266. 

Neutral point on magnet, 416. 

Neutralization of currents or 
e.m.f.s, 502. 

Newton's law of cooling, 147, 176, 
687-688; of motion, 705, 706. 

Niagara Falls, 389. 

Nicholson's hydrometer, 8, 13, 
14, 911, 952, 1037. 

Nitric acid, action on zinc, 205-210; 
danger from, 205-206. 

Nodes, 276. 

Non-conductors (insulators), 586; 
resistance of, 891. 

Noon, apparent and mean, 543-546. 
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North (positive) and south (nega- 
tive) poles, 394, 402, 412, 721- 
722. 

Notation, in physical measure- 
ments, 660 ; musical, 277 et seq.^ 
8 j3 ; of averages, 1100 ; of probable 
error and differences, 768-760. 

Notched (Toothed) wheel, 301-307, 
694. , 

Note-bookB, 621, 623, 946-950. 

Note, musical, three classes, 694, 
695. 

Notes on the arrangement of tables, 
746-760. 

Numbering, a stage in scientific 
progress, 592. 

Number of turns of wire, 427; of 
vibrations (pitch), 291. 

Numbers, average of, 1098. 

Nut, 572. 



Object glass, 233. 

Oblique forces, 344 et seq.i work 
done by, 714-715. 

Obliquity, errors from, 76, 282. 

Observations, and calculations to 
be separated, 623, 946 ; and errors, 
614 etieq.f 1109; consecutive, 667- 
668; examples of in note-books, 
949, 950, 951 et seq. ; in physical 
measurement, 592-593; lunar, 547; 
mean taken, 653; nautical, 543; 
original records of, to be preserved, 
623; reported before reduced, 621; 
simultaneous, 450, 532, 619; two 
necessary for simplest measure- 
ment, 622. 

Octave, 278; and fifth, 298; beats 
due to, 293. 

Ocular method, 324. 

Ohm, the, 473, 611; B. A. unit (.9889 
legal ohm), 900; legal (106 cm. 
mm^ mercury), 900; standard, 581. 

Ohm's law, 488, 499-500, 503, 504, 
513, 515, 519, 730; method for bat- 
terv resistance, 498, 1028; for 
e.m.f., 601, 612, 518, 520, 1028. 

Omission of ciphers, etc., 753. 

Opposition, method of, 515, 1093. 

Optical apparatus, 916-918: bench, 



230,916; devices, 618-619; mate- 
rials, 852-855; method, 324. 

Order, chronological followed in 
notes, 946 ; inverse followed in re- 
peating exps., 164; of magnitude, 
627. 

Ordination, a stage in scientific 
progress, 592. 

Original records of observations 
preserved, 623. 

Oscillation, arrested, 421 ; approxi- 
mately isochronous, 315; arc of, 
limited, 323, 327, 331, 412, 413, 
710; centre of, 1137; law of, 709; 
of magnetic needle, 431; rate of, 
315, 433; variations in, 765, 800; 
table for reducing time of, to small 
arc, 800; time of, 316 ; used to com* 
pare masses, 330, 998 ; weighing by, 
30. See vibrations. 

Oimce bullet, 213, 288. 

Outlet on level with pressure gauge, 
384. 

Oxygen, heats of combustion in, 
888. 

Ounce (oz.), avoirdupois (28.3494 
grams), 898. 



Fan-arrester, 569. 

Fan of balances, 351 ; paper, 358. 

Faper, coordinate — see graphical 
method; ferro-prussiate, 395; scale 
pans, 358; tracing, 155. 

FaraUax, 231, 232, 241, 253, 317, 
424, 644, 616; in gauges, 77: in 
thermometers, 113; method of fo- 
cussing by, 232, 241; solar, small, 
645. 

Farallel axes, momenta of inertia 
about, 1143; forces, 710, 1000; 
wires, 434, 903. 

Farallelism of sides of prism, 257. 

Farallelogram (triangle) of forces, 
703. 

Fart I.,l ; IT.,279;riI., 595; IV.,901. 

Fartial vacuum, 67. 

Fascars principle, 669. 

Fasteboard tube, 390, 920. 

Feirce, B. C, modification of mir- 
ror galvanometer, 580. 
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Fandnlum, 885, 286, 288, 291, 315, 
997-U98 ; arc of isochronous oscilla- 
tions of, limited, 710; ballistic, 
811, 389, 707-708, 1052; Borda*s 
(simple), 319; centre of gr. of, 555; 
compound, 323, 1136; control for, 
575; equivalent simple, 555, 1137; 
ideal simple, 319; irrotational, 320, 
918 ; isochronism of, explained, 709 ; 
Eater's, 576; laws of, 816; length 
of, 317, 319, 322; magnetic, 440, 
709, 710, 1140; material of, indif- 
ferent, 328, 330, 742; related to 
falling bodies, 320; reversible, 
555, 1137; rotary, 1133; seconds, 
897; series of impulses given to, 
641; simple, 319, 918, 997, 1134; 
tables for, 329, 897; time of, 328, 
330; torsion, 334, 919, 1140. 

Per cent variation, 662. 

Perfect machine, 380. 

Permanent gas (see air, hydrogen, 
oxygen, nitrogen, etc.), 861^863. 

Permanent magnetism, 788. 

Permanent prints, 396. 

Permanent strains, 351. 

Persistence of impressions on ret- 
ina, 303. 

Personal equation, 619 ; error, 288. 

Petit, Dulong and, app. modified, 
95, 915, 966-967. 

Photographic prints, 395; rays, 
694; room, 905. 

Photometers, 222-229; Bunsen*s, 
222-224, 916, 985. 

Photometry, 222-229, 905; of 
colors, 228-229. 

Physical arithmetic, 662-663. 

Physical Measurement, Principles 
and Methods of, 602-^68; never 
exact, 596-597. 

Physical quantities, 592; tables, 
757-758. 

Pickering's svstem, 751, 930; tables, 
794. 

Piezometer, 537. 

Pile, voltaic and galvanic, 436, 569. 
See cell. 

Pint, U. S. (473 grams), 898. 

Pipe, 554, 918. 

Pitch, musical, 294; det. by beats, 



293; det. by chronograph, 577; 
det. by graphical method, 288, 995 ; 
det. by toothed wheel, 306-307, 
996; standards of, 791-792, 893. 

Pitch of screw, 85, 366, 572. 

Pitch-pipe, 554, 918. 

Pith-balls, 514, 565. 

Pivot of compass, 431, 439. 

Places, decimal, number of retained, 
590; of instruments to be noted, 
623. 

Plan for observations, 942-943, 949- 
950; of laboratory, 906, 907. 

Plane, electrified, 1171; equatorial 
and horizontal, 543; inclined, 376. 

Planets, 896. 

Plank and board (friction app.), 373, 
374, 920. 

Plank and hammer (signalling app.), 
285. 

Plated cup, 24. 

Plates of glass, 84, 913. 

Platform scales, 383-384. 

Platform, suspended, 365. 

Plotting curves, 413. 

Plugs, cleaning, 495; infinity, 508; 
of rheostat, 475 ; split, 365. 

Plumb-line, 574. 

Poggendorff's method, 513-514, 
631, 1034. 

Pointer (index), 614; of vernier, 6; 
of spring balance, 338. 

Points, bluntness of, 86 ; of applica- 
tion of forces, 710 ; of condensation, 
ebullition, fusion, solidification, va- 
porization, etc., see temperature of, 
etc., also boiling and melting 
points [140, 843-860]. 

Poiseuille's law, 730. 

Poisonous substances (ferro-prus- 
slates, etc.), 395. 

Poisson's ratio, 1151-1152. 

Polarization, 548; plane of, 550; 
rotary, 550; Ubles for, 787-788, 
886-887. 

Polarizer, 549. 

Poles, magnetic, 394, 710, 721; dis- 
tance between, 394, 403, 414, 422 ; 
north (positive) and south (nega- 
tive), 403, 407, 529; strength of, 
398, 403; of battery, positive (car- 
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bon or copper) and negative (zinc), 
890; of eanh, gravity at, 608. 
Porous cups, 436. 
Position of insts. det relatively to 

floor and walls, 433. 
Position of equilibriam, 30. 
Positions to be noted, of break in 
wire, 368; of instruments, 433, 
450, 456 ; of magnetic bodies, 432- 
433. 
Positive (vitreous) and negative 

(resinous) electricity, 719. 
Positive (north) and negative 

(south), magnetism, 611. 
Positive (carbon or copper) and 
negative (zinc) poles of battery, 890. 
Post, 368. 

Potential, electrical, 488, 504, 511, 
730,790, 889-890, 1169; analogous 
to head and level, 730-731; differ- 
ences of (e.m.f.), 489, 512, 518,583; 
due to contact, 889; energy, 381, 
726; fall of, 528, 730. 
Potentiometer, Clark*s, 516, 529. 
Pound, avoirdupois (453.590 grams), 

898. 
Poundal (13,825 ergs), 899. 
Powders, density of, 53; absorp- 
tion, emission, radiation, etc., of 
heat by, 887 ; conductivity of 
(about .0002), 847. 
Power, 378, 385, 473, 484, 504, 511, 
535, 610, 920, 1008-1009, 1034; 
candle-, 216, 221, 222 et seq, ; elec- 
trical, 729, 1034 ; of motor det., 382 ; 
of recovery, 351, 360; related to 
speed and efficiency, 385; unit of 
(watt = 107 C. G. S.), 899; waste 
of, 435. 
Powers and roots, errors in, 640; 
dependent on number of reasons, 
712; of numbers, 798. 
Practical units, 484. 
Precautions against dust, etc., 29 ; 
in det. of candle-power, 218; in use 
of mercurial thermometer, 105; in 
electrical meas., 431; in nse of 
calipers, 75. 
Precision, and accuracy, 593; in- 
struments of, 568; of null methods, 
649. 



Prefixes, signification of, 603. 
Preliminary exps., 1; app. for, 911. 
Preparation of mixtures, 787, 885. 
Preservation, of figuring, 623-624; 
of magnetism, 432; of original 
records, 623. 
Pressure, 899; and capacity, 538; 
and density of gases, 682 ; and fric- 
tion, 373, 376; and temperature, 
679, 680; atmospheric, 613, 675; 
barometric, 17, 143, 899; critical, 
775, 856-863; -gauge, 377, 384, 669; 
on level with outlet, 384; hydro- 
static, 377, 378, 538; of gases, 127; 
of vapors, 132-134, 135, 856-860, 
864-867, 872, 974; on given level 
constant, 669; standard, atmo- 
spheric, at Paris (1.01360 X 10«), 
900; temperature and humidity, 
25, 867; transmission of, 669; work 
and flow, 713. 
Principal foci, 230-236, 238, 243, 

547. 
Principles, and Methods of Physi- 
cal Measurement, 585, 600; of Ar- 
chimedes, 54, 670; of calorimetry, 
688; of Pascal, 669. 
Printed forms, 942-944, 946. 
Prints, photographic, 395. 
Prisms, angles of, 255-257; index 
of refraction of, 547, 1164 ; pyra- 
midal convergence of, 255; small, 
255, 917. 
ProbabiHty, coefficient of, 1110, 
1118-1119 ; curve of, 1113-1115; of 
errors, 773-774, 842, 1109; table of, 
842. 
Probable error, 658-659, 745, 842, 
1110; calculation of, 658-659, 1119- 
1122; of averages, 659, 1121; of 
powers aad roots, 1123-1124; of 
products and quotients, 1123; of 
results, 659, 1124; of sums and 
differences, 1119-1120; places 
affected by, 661; table of, 842. 
Processes, arithmetical, abbrevia- 
ted, 662-663. 
Products found by addition, 662- 

663. 
Progress, scientific, stages in, 590. 
^ojecting-lantem, 231. 
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ProngB of fork with film, 869; of 
tuning-fork, how bowed, 289. 

Proofs of formalae, 1130 et teq. 

Proper method of coimting, 286. 

Properties, general, of bodies, 774- 
777, 843-863; of building materials, 
846-847; of chemical substances, 
848-851; of crystals, 852-855; of 
elementary substances, 843-845; of 
gases, 861-863; of liquids, 856-860; 
of solids, 843-855; of solutions, 
878-886 ; of vapors, 861-869. 

Proportional errors, 1123; parts, 
table of, 797; use of, 761-763. 

Protractor, 358, 402, 420, 424. 

Proviaionftl units, 630. 

PruBsiates (ferro-), poisonous, 395. 

Pulleys, 340, 379, 386, 387, 534; 
friction of, 386, 387. 

Pulae transmitted by string, 691. 

Pump, air-, 54, 912. 

Pyramid, centre of gravity of, 1104; 
volume of, 1101. 

Pyramidal convergence of prism, 
257. 

Pyroheliometer, 212. 

Pythagorean (harmonic) method, 
274; proposition, 346, 347. 



Quadrant, earth's, length of 
(10,007 + kilom.), 605. 

Qualitative distinctions, 587. 

Quantitative, 592. 

Quantity, large, preferably meas- 
ured, 638 ; physical, 592 ; cells ar- 
ranged in, 735 ; of electricity, elec- 
trostatic, 729 ; electro-magnetic, 
560; of heat, 387; of magnetism, 
611, 722; of matter (mass), 740- 
742; of motion (momentum, or pro- 
duct of mass and velocity), — ; of 
work, 387; variable, 748-749, 1097 
et $eq. 

Quarter points of thermometer, 118. 

Quartz, rotary polarization of (D, 
217® per cm.), 886. 



Radiation, apparatus, 916 ; of heat, 
212, 688,789, 887; solar, 212. 



Badius of curvature, 547, 965; 
mean, 548; of gyration, 1137; of 
wire or cylinder, 361, 371, 377. 

Barefaotion and condensation, 292, 
1160. 

Bate of cooling, 146; of heating, 
473; of oscillation, 315, 433, 765, 
800; of vibration (pitch), 288, 433; 
of working (power), 378, 385, 473, 
484, 504, 511, 535, 610. 

Batio of balance arms, 35 ; in musi- 
cal intervals, 273-278, 295-301; in 
relative meas., 589, 604; of two 
sp. hts. of gases (1.408), 900; Pois- 
son's 1151-1152. 

Bating chronometers, 546, 575. 

Baya, 547, 691, 693; actinic, calo- 
rific and luminous, 694; bending 
of, 694, 698. 

Beaction = action, 400, 706. 

Beaction of nitric acid on zinc, 209. 

Beading a vernier, 77, 78. 

Beading-microscope or telescope, 
671, 572. 

Beal and apparent sp. vol. and sp. 
gr., 672-673, 744, 784, 875, 876. 

Beal and virtual foci and images, 
239. 

Beasoning, inductive, 593. 

Beaaons, independent, 712. 

Beaumur thermometer, 589. 

Beciprooal defined, 763; tables of, 
798, 802-803. 

Becoil of spring balance dangerous, 
868. 

Becorda, how made, 621, 623; orig- 
inal, preserved, 623, 941, 947. 

Becovery, power of, 351, 360. 

Bectilinear propagation of light 
and pound, 693-694. 

Bed glass, 551. 

Beduction factor of galvanometers, 
446-447, 456-460, 495, 499, 556, 
1015, 1058, 1090. 

Beductions of arbitraiy scales, 
892-894; of barometric readings, 
870-872; of cm. to megadynes, 871; 
of consecutive obs., 667 ; of density 
and volume to 0° and 76 cm., 683 
873; of inches, to cm., 870; of 
measures, 898-900 ; of minutes and 
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seconds to degrees, 894; of results, 
658-668; to vacuo, 45, 47, 50, 671- 
674, 956 et seq. 

Beduplication of apparatus, 927, 
928, 931, 934 et seq. 

Be-enf orcement of sound, 292, 293. 

Reference to books, 794-795. 

Beflection, 239-242, 255, 258, 695; 
laws of, 245, 695. 

Refraction, 257-264, 698; angle of, 
257-264, 699 ; atmospheric (1' cotan 
A), 544; det. of, 257-262; double, 
547; explanation of, 699; index 
of, 547-548, 699, 1164 et seq. ; law 
of, 699 ; of lenses, 230, 236, 242 ; of 
liquids, 548, 856-860; of prisms, 
257-262 ; of solutions, 885. 

Begisters, 903. 

Besistering thermometers, 97. 

Begnault's app., 167. 

Begnlator (clock), 318,324, 335,575. 

Belative current strength, 462-466 ; 
humidity, 778-779; magnitudes or 
values, 589, 604 ; masses, 313 ; mo- 
tions, 703. 

Bepetition, methods of, 640, 642- 
643. 

Beport and flash, 284. 

Beports, how made, 944; originals 
presen-ed, 623. 

Bepresentationof differences, 758- 
760; of probable error, 659-660. 
See graphical method. 

BepulBion, electrical, 719-720; of 
similars, 718 ; of two magnets, 399. 

Besidual charge, 562 ; magnetism, 
887. 

Besilience (modulus of elasticity) 
of volume, 538-539, 775, 1151; 
tables for, 843-863. 

BesiBtance, electrical, 377, 471 et 
seq., 729, 1021 et seq. ; and e.m.f., 
728-738; box of (rheostat), 557, 
923 ; coil, 471, 531, 922; comparison 
of, 474; det. by heating, 471, 1021 
et seq.; det. by substitution and 
interchange, 476-480, 1023, 1059- 
1060; det. by Wheatstone's bridge, 
480-493, 558, 559, 562, 732, 1024; 
heated by current, 504; in series 
and multiple arc, 523, 731; inter- 



change of, 479, 480, 488, 1023; of 
battery, 490, 1029, 1061, 1062; by 
Mance*s method, 490-493, 1026; 
by Ohm's method, 498, 1028; by 
Thomson's method, 1062; indepen- 
dent of direction of current, 443 ; of 
electrolytes or solutions, 559; of 
galvanometers, 493; by Thomson's 
method, 487-489, 1026; specific, 
484-486,891, 1025; tables of, 891; 
unit of (ohm = 10» C. G. S.), 611. 

Besistance, hydraulic, 378 ; of air, 
slight, 328, 380; to crushing, 846, 
847; to fracture, 354; to shearing, 
846-«47. 

Beaolution of forces, 375. 

Besonanoe, 272, 273, 695, 993. 

Besonance-tube (resonator), 272- 
273, 696, 918. 

Besnltants and components, 703; 
of errors, 1111 ; of magnetic forces, 
722. 

Besnlts, concordance of, deceptive, 
594; how reported, 944; important 
part of exp., 944; probable error 
of, 659; reduction of, 658-668; 
weight of, 1128-1129. 

Betardation attributed to inertia, 
332, 740. 

Betina, persistence of impressions 
on, 303. 

Beversal, method of, 650; of cur- 
rent, 435, 442, 450, 482, 488, 499, 
505, 518, 532, 533; of instruments 
a test of adjustment, 627 ; of mag- 
netism, 424. 

Beversible pendulum, 555. 

Bevolution (speed) coimter,385,923. 

Bevolvlng mirror, 553. 

BheoBtat, 474-476, 484-536, 557, 
923; correction of, 557. 

Bichards' injector, 912. 

Bider, 569, 634. 

Bight ascensions, 896. 

Bigidity, simple (modulus of tor- 
sion), 538, 554, 846-847, 1151. 

Bing, moment of inertia of, 1140, 
1145, 1146; of micrometer, 365; 
small pair to prevent rolling, 42, 
912; suspended about axis, 334, 
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Bockinffa ft test of adjnstment of 
spherometer, 84, 618; and twisting 
preventedi 351. 

Bod and chain, errors in qm of, 642. 

Bod, ash-twisted, 855; deflection of, 
350-854; heat conducted by, 542; 
metre, 317, 909; stiffness of, 357; 
torsion of, 357, 1003. 

Boota and powers, errors io, 640. 

Botary pendulum, 1133; polariza- 
tion, 550, 787-788, 886-887. 

Botation, right and left handed, 
550. 

Botating mirror, 653. 

Bough measurements of value, 594. 

Bough methods of calculation, 662, 
666; use of, 666. 

Bubber, India (Caoutchouc), 363. 

Buby glass, 551. 

Buhmkorff coil, 518. 

Eulea for approximation, 662; for 
calculating probable error, 1122; for 
correcting apparent wt. and sp. 
gr., 672-673; for interpreting ta- 
bles, 751; for logarithmic worlc, 
772-773; for observations, 621. 

Bumiord's photometer, 224-226. 



Saccharimeter, 549. 

Safety-valve weights, 838. 

Sagging, 345, 454. 

Salts, diffusion of, 885. 

Sand (oxide of silicon), 850. 

Saturation, magnetic, 887; with 
heat, 679. 

Scales, arbitrary, 588, 791, 892-894; 
errors of, 621; expansion of, 71: 
millimetre, 334, 355; musical, 277, 
893; of hardness (Mobs'), 587; of 
hydrometers, 588, 892; of sextant, 
251; of temperature, 605; plat- 
form (balances), 383-384; rough 
(grocer's balances), 3 ; sliding, 635 ; 
thermometric, 588-589, 892. 

Scratching a test of hardness, 587. 

Screw-cups, 436 ; -eyes, 355 ; -gauge 
(micrometer), 73, 81, 351, 360, 361, 
368, 486; pitch of, 85; levelling-, 
85. 

Sea horizon, 543. 



Search for errors, 599. 

Secants, 766, 800-801. 

Second, the, 606. 

Seconds pendulum (99 + cm.), 897. 

Self-induction, 475. 

Self-registering thermometer, 97. 

Semi-conductors, 587. 

Semitone (1.0595: 1), 278, 773. 

Sensations transmitted at unequal 
rates, 616, 619. 

Senses, two, use of, 619. 

Sensibility. See sensitiveness. 

Sensitive paper, 395. 

Sensitiveness of astatic combina- 
tions, 419, 432; of balance, 31; of 
electric micrometer, 351; of galvan- 
ometer, astatic, 420, 489; mirror, 
580; of hydrometers, 8; of instru- 
ments in general, 645-646; of sphe- 
rometer, 84, 618; of suspensions, 
431; related to quantity meas., 638. 

Separate (individual) system, 930. 

Series, connections in, 443, 451, 731 ; 
of impulses, 641; of temperatures, 
172. 

Set of forks, 294-295;- of resistances 
(rheostat), 474-476, 484-636, 557, 
stondard, 629-630; weights, 3, 8, 
28, etc. 

Sextant, 244-257,261, 543, 545-546, 
566, 917, 988 et seq. ; meas. of small 
angles by, 253; meas. of long dis- 
tances by, 281. 

Sharp bends avoided, 866. 

Shearing strength, 775 ; stresses and 
strains, 1153 et seq. 

Shell, spherical, form of wave, 693. 

Short circuit, 486, 494. See insula- 
tion. 

Short intervals of time, 284. 

Shot, sp. ht. of, 178, 389, 979. 

Shot-heater, steam, 179, 915. 

Shunt, use of, 432, 487, 490, 493, 
495, 501, 507, 509, 922, 1027, 1058. 

Shutters, 1027, 1058. 

Sidereal time, 894. 

Siemens' unit (.942 X 10^ C. G. S.), 
900. 

Sights, 359, 402, 454. 

Sign, negative, use of, 753. 

Signalling apparatus, 918. 
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SignialS) sound, 285. 

Significant figures, 656, 660-661, 
796. 

SUbermann, Favre and, 191. 

Silk fibre, untwisted, 316, 412, 418. 

SimUars, repulsion of, 718. 

Simple pendulum, 319, 918, 1134; 
equivalent, 555, 1137; ideal, 319. 

Simple rigidity (modulus of torsion), 
538, 554, 775, 843-«47, 1151. 

Simultaneous observations, 450, 
532, 619. 

Sines, 765; logarithmic, 816-817; of 
small angles equal to tangent, arc, 
chord, etc., 663; tables of, 800-801, 
814-815. 

Single-rins (tangent) galvanome- 
ter, 439. 

Sinker, use of. 1039. 

Siphon, 378, 920. 

Siren, 577. 

Size of images, 701. 

SkiU acquired in physical meas., 
593. 

SUders, 481, 526, 529. 

Sliding helix or coil, 416, 921; 
scales, 635. 

Slits, spectroscopic, 260, 917; in 
toothed wheel, 302. 

Slope, 375. 

Small angles, arcs, sines, chords, 
and tangents of, equal, 663; cosine 
and secant of, unity, 663; measure- 
ment of, 253. 

Smoked glass, 288, 296; apparatus 
for tracing on, 288, 918. 

Smoked paper, 313. 

Soap-bubble (film), 369. 

Sodium, flame, 260, 917; wave- 
length of (.00005893), 900. 

Solar day, 898; light, photographic 
printing by, 395; parallax small, 
545, 900; radiation, 212; spectrum, 
264, 694; system, 896; time, 546. 
See sun. 

Solidification (see melting), 140, 
199, 685, 843-855. 

Solids, expansion of, 90, 684; fric- 
tion between, 373, 376, 887 ; proper- 
ties of, 843-852; specific heat of, 
178. 



Solubilities, chemical, 586, 848- 
851; of air and gases, 861-863. 

SolutiOB[s], boiling-points of, 882; 
densities of, 880-881 ; electrical con- 
ductivities of, 884; heat of, 690, 
981; properties of, 786-787, 880- 
891 ; refractive indices of, 885 ; re- 
sistances of, 891; rotary polariza- 
tion of, 886-887; specific heats of, 
883; table for mixing, 787, 885. 

Sonometer (monochord), 274. 

Sound, affected by wind, 280; and 
light, 691; apparatus, 918 ; energy 
of, 693; interference of, 270, 992- 
993; interrupted by vacuum, 692; 
reflection of, 695; resonance (re- 
enforcement) of, 272, 993; -shadow, 
698; signals, 285; transformed into 
heat, 694; velocity of, 276, 279, 
869, 1160 el seq. ; early det. of, 285; 
formulaB for, 280, 281, 1160 et seq. ; 
in wires, 554; table for, 869; wave- 
length of, 270-274, 992-993. 

Sounder (telegraph inst.), 284, 324, 
351, 365, 575, 577. 

Sources of authority, 794. 

Space, occupied by liquids, 875-876; 
traversed by falling bodies, 315. 

Span of spherometer, 85. 

Specific, 604, 611. 

Specific conductivity, electrical, 
776, 786, 843-847, *884; thermal, 
541, 591, 688, 766, 843-863. 

Specific gravity (see density), 14, 
604, 1036 et seq. ; and density dis- 
tinguished, 674; apparatus, 912; 
apparent, 672, 958 et seq., 968; 
-bottle, 49-58, 101, 912, 958 et seq. ; 
coiTection for, 673; -flask, 70; re- 
ferred to hydrogen, 861-863. 

Specific heat, 611, 685-686, 979 et 
seq.; and molecular weight, 686; 
comparison of methods for det., 
182; det. by electrical method, 
1044; det. by fusion of ice, 191; by 
indirect methods, 185-186;- by 
mechanical equivalents, 389; by 
method of cooling, 154 : by method 
of mixture, 178, 184, 192; of air at 
const, pressure (.238) and at const, 
vol. (.169), 779-780, 868; of brass 
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(.094), 846, 900; of iron (.11), 847; 
of elementary substances, 843-845; 
of gases, 187-189, 861-863, 900; of 
glass (.19), 853, 900; of liquids, 
184, 856-«60; of shot, det, 178, 
389 ; of solids, 178, 843-855; of so- 
lutions, 883; of water, mean, Q^- 
100° (1.005), 900; ratio of, in gases 
at const, pressure to that at const, 
vol. (1.408), 900; tables for, 843- 
863. 

Bpeciflc inductive capRcitv (air = 1), 
660-661, 563, 777, 852-863. 

Bpeciflo resistance, 484, 790, 891, 
1025. 

Speciflo volumes, 57, 102, 540, 743- 
744, 784-785, 875-876. 

Spectacle lenses, 244. 

Bpectroscope, 263. 

Bpectrometer, 257-261, 917, 990 et 
seq, 

Bpectnim, 259, 262-264; diffrac- 
tion, 264-270. 

Speed (velocity), 607; errors from 
irregularity of, 290; related to 
power and efficiency of motor, 385, 
534-535. 

Speed-counter, 923. 

Sphere, curvature of, 87; electrical 
capacity of, 1170 et seq. ; moment 
of inertia of, 1147-1148 ; volume and 
diameter of, 799, 812-813. 

Spherometer, 83, 84, 86, 89, 618, 
913, 965. 

Spiral, copper, 457; resistance coil, 
471; spring, 331, 919; tube, 187, 
188. 

Spirit level, 423. 

Split plug, 365. 

Spot of light, 580; of oil, photo- 
metric, 223. 

Spring balances, 337, 360, 367, 379, 
534, 608, 919, 1000 et seq, ; affected 
by gravity, 338 ; correction of, 337 
et seq. I force meas. by, 705 ; gradu- 
ated in megadynes, 338; recoil 
dangerous, 368. 

Spring, of clock, 288, 303; oscillat- 
ing, 330-332, 998; spiral, 331, 919; 
stiffness of, 331. 

Spy-glass (telescope), 286, etc., 916. 



Saoare root, 763, 798. 

Squares, 763 ; of rates of oscillation 
proportional to forces, 413 ; inverse, 
law of, 213; tables, 798, 804, 805. 

Stable and unstable equilibrium^ 
399. 

Stages of scientific progress, 590. 

Standard, or standards, absolute 
necessary, 633; ampere, 581; Brit- 
ish, 898-900, candle, 221; electri- 
cal, 580; metre, 605; of accuracy, 
655; of density, 61, 877, 900; of 
French Archives, 332, 605; of 
length, 71; of mass, 332; of press- 
ure, 683; of temperature, 683; of 
weight, 88; ohm (lO^ C. G. S.), 
611; set of, 629-630. 

Star, sextant set by, 252. 

Stars, declination, etc., of, 896. 

Starting friction, 374. 

State, change of, 686-690, 775. 

Static charge, 560 tt seq. 

Statics, apparatus, 919. 

Statute mile (1.60932 kilom.), 898. 

Steam, 866-867 ; boiler (generator), 
90, 115, 203, 520, 914; jacket, 95, 
99, 914; latent heat of, 203; shot- 
heater, 167, 179 et seq,, 915; trap, 
203, 915. 

Steel, avoided in magnetic exps. and 
app., 405, 432, 439; beams, 919; bi- 
cycle-balls, 16; coef. of linear ex- 
pansion (.000012), 900; density of 
(7.9), 847; maximum permanent 
magnetization of, 887; temper of, 
394; Young's modulus of, great, 
363. 

Stiffness of beams, transverse, 350- 
354, 1008 ; of cords, 380 ; of rods, 
torsional, 357, 1003; of spring, 331. 

Stirrer, 107, 159, 471, 915; thermal 
capacity of, 689. 

Stone jar, 383. 

Stop-cock, 64, 912. 

Stoppers, 913. 

Stopping, energy lost in, 880. 

Stopping oscillations, 421. 

Stop0, 420. 

Stop-watch, 284. 

Storage of energy, 881. 

Strains, 361, 604, 705, 711; com- 
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ponents and reeultanU, 705; errors 
from, 75; maximum, 352-363—066 
breaking strength ; permanent, 351, 
359 ; shearing, 1154. 

Stream, fluid, 810, 377; of gas, 310; 
of water, 385. 

Strength, breaking, 367-369, 843- 
847, 1006; crushing, 843-^47; of 
electric currents, 431, 462-466; of 

* magnets, distribution of, 411-414; 
of magnetic field, 724; of magnetic 
poles, 398, 401, 411, 722-723; of 
shearing, 357, 843-847. See tor- 
sion. 

Stress, 362, 613, 711; shearing, 1153. 

Stretching, fracture by, 367; wires, 
860-367, 1004. 

Striking distance and e. m. f., 518, 
890. 

String, pulse transmitted by, 691; 
vibration (harmonics) of, 275, 1049. 

Students, advanced, exps. for, 537 
et aeq. ; note-books, 621, 623. 

Style (tracer), 288, 577. 

Subdivision, methods of, 634. 

Substances, affected by gravity 
alike, 328; properties of, 843-863. 

Substitution, method of, 15, 649 ; 
principle of, 478. 

Successive approximations, 629; 
halvings, 626. 

Sulphate of copper, 457, 464; of 
mercury (Clark's) battery, 581, 890. 

Sulphuric add, danger from, 463; 
drying air by, 570. 

Summaries of results, 948, 951 et 
seq. 

Sunlight for photographic printing. 
395. 

Sun, altitude of, 543; declination of, 
543, 895; limb of, 543; parallax of, 
small, 545; semi-diameter <16')) 
254, 543, 894. See solar. 

Supplies, 924; cost of , 926-927. 

Support, triangular, 349, 919; yield- 
ing, of, 364. 

Suppression of results dangerous, 
595. 

Surface, 607; curvature of, 88. 

Surface-tensioii, 21, 369-372, 774, 
1006-1007; affected by impurities, 



by temperature,, and by variations 
in calibre, 370-371; det. by balance, 
369; tables for, 856-860. 

Surroundings, magnetic, 432. 

Surveying-compass, 405, 921. 

Susceptibility, magnetic, 887. 

Suspended magnets, 402-404. 

Suspension, centre of, 1137; deli- 
cacy of, 431, 902. 

Symbols of chemical elements, 843- 
845. 

Syren, see siren [577]. 

System, absolute (C G. S.), 606; 
electrostatic, 514, 561, 565, 566; 
electro-magnetic, 511 et seq,, 560, 
725; metric, 603; of forces, 710; of 
instruction, 930-935; solar, 896. 



T, iron, 365. 

Tables, 797-900; arrangement of, 
746-760; condensation of. 746-748; 
explanation of, 761-793; exten- 
sion of, 752; interpolation in, 761 
ei teq. ; of combinations of errors, 
1113; of gravity, 329; sources of 
authority for, 794-796; use of, 663, 
761 et seq. 

Tables (benches), 906. 

Tabular forms, 948. 

Tackle, 379, 920. 

Tangents, 408, 427, 430, 459, 764; 
law of, 439; logarithmic, 820-821; 
of small angles equal to sines, 
arcs, etc., 663; tables of , 800-801, 
818-819. 

Tangent-galvanometer (com- 
pass), 437-451, 472; best angle of 
deflection of (45°), 639; calibration 
of, 441. 

Tangent-screw, 247. 

Tape measure, 445. 

Telegraph inst., 284, 324, 351, 365, 
575,577; time by, 546. 

Telephone, 559, 563, 564; differ- 
ential, 564 ; minimum of sound in, 
564-565. 

Telescope, cross hairs of, 233, 672 ; 
focussing, 233; (spy-glass), 283, 
817, 916. 

Telescoping U-tubes, 27L 
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Temper, 105, 394. 

Temperament, equal, 898. 

Temperature, 679; absolute, 122, 
124, 128, 680-681; and heat, 679, 
684; and pressure of gases, 679, 
680 ; atmospheric det, 23 ; constant 
in boiling, 687 ; constant required, 
164; critical, 775; effects of on 
cooling, 146; on hydrometer, 11; 
on sp. gr. bottle, 50, 102; on sur- 
face tension, 370; on velocity of 
sound, 279; equilibrium of, 107, 
170; of condensation, ebullition, 
etc., 84^-863 — see boiling-point; 
of room, 169; of solidification, fu- 
sion, etc., 843-863 — see melting- 
point; precautions in det., 30, 49, 
101; scale of, 605; series of, 172; 
standard, 605; zero of, absolute 
(—273°), 125, 127, 679. 

Tension on cords of transmission 
dynamometer, 386; of vapors (see 
pressure), 132-135, 856-872; sur- 
face-, 21, 369-372. 

Tenths, estimation of, 39, 617; in 
gauges, 78; in meas. of waves, 290; 
in thermometers, 114; in weighing, 
39: rough, 10. 

Terms, ambiguous, 739-745. 

Testing ammeters, 466; calipers, 
73; hydrometers, 8; spherometers, 
86 ; weights, 38. 

Testr-tube, 412, 916. 

Thales, 585. 

Thermal capacity, 146, 157, 159, 
387, 392, 472, 473, 685, 689, 976 et 
seq, ; of calorimeter, 149-150, 157 
et seq.f 689; of stirrer, 159; of 
thermometer, 159, 689, 978. 

Thermal conductivity, 541, 591, 
688, 776, 843-863. 

Thermal equilibrium, 679. 

Thermal insulation, 541. 

Thermo-electric heights, 843-847. 

Thermo-electricity, 737-738. 

Thermo-electromotive force, re- 
versal of, 738. 

Thermo-Junction, 520,923, 1031. 

Thermometer, 109,910; air-, 119, 
913, 971-972; boiling-point of, 114- 
116; calibration or correction or. 



113, 969 et stq, ; Celsius or Centi- 
grade, 605; column (or thread) of 
mercury, 110, 113 ; comparison of, 
163; differential, 214,916; Fahren- 
heit or Centigrade, 892; fixed 
points of, 106, 114; freezing-point 
of, 116; mercurial, 104-119; paral- 
lax avoided in, 113 ; precautions in 
use of, 105; registering, 97, 914; 
scales, 588-^89; thermal capacity 
of, 159, 689, 978; tubing (capillary), 
371; weight-, 539, 914; wet-bulb, 
24, 779. 

Thermopile, 215, 985. 

Thomson's absolute electrometer, 
582-583; methods, 487-489, 1026, 
1062; mirror galvanometer, 579. 

Threads, diffraction produced by, 
266-266; of mercury (column), 110; 
of screw (pitch), 85, 366, 572; 
silk (fibre), untwisted, 316, 412, 
418. 

Throw of needle, 415, 421-422, 425, 
427, 430, 562, 737, 1014; and num- 
ber of lines of force cut, 415; meas. 
by chord of angle, 422 ; nearly inde- 
pendent of speed, 417. 

Ticks counted, 284, 286, 287. 

Time, det. by method of equal alti- 
tudes, 546; by telegraph, 647; dif« 
ference of, 543; distribution of, 
656, 1124-1126; ^equation of, 546, 
793; Greenwich and local, 543; 
mean solar, 544; noted, 623; of 
coincidence, 323-326; of falling, 
315, 320 ; of oscillation or vibration, 
316, 318, 319; of pendulum, 285, 
291, 315; of revolution, 303, 385, 
619; related to gravity, 328, re- 
quired for light to traverse short 
distances, 284, 553, 1167 et seq, ; 
sidereal, 898 ; unit of (second), 606. 

Tone, fundamental, 275; musical, 
278. 

Tonne (1,000,000 grams), 603. 

Tools, 924. 

Toothed wheel, 301-307, 552, 694, 
918, 996. 

Torricellian vacuum, 17. 

Torsion, 334; -apparatus, 355, 358, 
920; -balance, 358, 920; coef. of. 
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638, 1140, 1151, 1156; fracture by, 
357; head, 919; of fibre, 412; of 
rod, 357, 1003; of wire, 358, 402, 
453, 454, 1004; -pendulum, 334, 
919, 1140; stiffness under, 257; 
vibrations under, 554. 

Touch, 615, 619. 

Tracing on smoked glass, 288; -pa- 
per, 155 ; -style or wire, 288-296. 

Traction, force of, 373. 

Transformations, of energy, 381, 
387,388; of light and sound, 694; 
of work into heat, 380, 387. 

Transmission-dynamometer, 385; 
of heat, 887; of pressure, 669; of 
sensations, rates unequal, 616, 619. 

Transverse elasticity, 353, 1157- 
1160. 

Trap for steam, 20.3, 915. 

Trial and approximation, 626; and 
error, 629; method of, 3. 

Triangle, area of, 1101; centre of 
gravity of, 1103; (parallelogram) 
of forces, etc., 703. 

Triangular support, 349, 919. 

Trigonometric functions, 80O-801, 
814-821; average of, 1107. 

Trough for ice, 914. 

Trowbridge, electrical method for 
det. sp. ht., 1044; method for det. 
velocity, 310, 316; modification of 
Him's exp., 389; New Physics, 
796. 

Tube, barometric, 17; capacitv of, 
119, 371,377; capillary, 556/920, 
1149; coiled (worm), 187, 188; for 
sliding helix, 420, 921; glass, 912; 
harmonics of, 696; India rubber, 
912,913; open ends of, correction 
for, 696; pasteboard, 389, 921; reso- 
nance, 696, 918; test-, 412, 915; 
transmits pressure, 669; U-, 63, 
912; Y-, 64, 912; vibration of air 
in, 696-696. 

Tuning-forks, 270, 271, 288, 292, 
300, 303-307, 918, 992-993, 995-996. 

Turning points of pointer of bal- 
ance, 30; of tracer in Lissajous' 
curves, 298, 334. 

Turns of wire in a coil, 427, 445, 
453,464. 



Twaddell's hydrometer, 892. 

Twist, 403. 

Twisting and rocking prevented, 
351; fracture by, 357; proportional 
to couple, 367; rods, 354-^60, 
1003. 



Undulation and undulatory (see 
wave), 691 et seq. 

Uniformity of calibre, 371 ; of resist- 
ance in bridge wire, 626, 528, 530; 
of scales, 74; of velocity, 373, 
375. 

Unison, 274, 278; imperfect, beats 
due to, 291, 292, 293, 578-579 ; tested 
bv communication of vibrations, 
1049. 

Units, absolute, 692; B. A. (.987 
X 109 C. G. S.), 483, 612, 900; con- 
ventional, desirable, 677; corres- 
ponding, 767-768; electrostatic, 
567, 900; electro-magnetic, 667; 
fundamental, 607; magnetic, 611; 
multiples of, produced, 629 ; of area, 
607; of couple, 609; of current, 
611; of electric capacity, 560; of 
electromotive force, 612; of en- 
ergy, 609; of force, 608, 899; of 
heat, 541, 610, 898; of heat, me- 
chanical eq. of (4.17 X 10^), 387, 
612; of length, 605, 898; of mag- 
netism, 404, 611; of mass, 606, 
898; of power, 610, 899; of pres- 
sure, 899; of quantity, electro- 
static (coulomb = 107 C. G. S.) ; of 
resistance, 611; of time, 606, 898; 
of velocity, 607; of work, 609, 899; 
practical, 484; provisional, 630; 
Siemens' (.942 X 10^ C. G. S.), 
898 

Universal gravitation, 332. 

Unstable equilibrium, 399. 

Untwisted silk fibre, 316, 412, 
418. 

Use of shunt, 493; of tables, 663, 
761 et.seq.; in rough calculations, 
666; of two senses, 618. 

U. S. measures, 898. 

U-tube, 912; telescopic, 271; trans- 
mits pressure, 669. 
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Vaouum, fonned hy condensation 
of itenm, ia9; partial, 68; redac 
tions toy 784, W^etteq.; sound in- 
terrnptod by, 692; Torricellian, 17 ; 
transmito light, 682; weighing in, 
673. 

Values, conventional, 695; relative, 
589. 

Vapor, aqneons, 139; boiler for, 
134; mercorial, 90-S2, 122; pres- 
sure (tension) of; 132-134, 135,864- 
867; properties of, 861-867. 

VaporiSAtion, Intent heat of, 202. 

Variables, 748-748; average of, 
1097 et Hq, 

Variations of conditions desinble, 
594; of gravity, 608. 

Velocity, 607; average, 706; 
change in, 812, 336, 704; compo- 
nents and resultants, 704; constant 
in absence of force, 706; det. by 
ballistic pendulum, 311; by elec- 
trical methods, 309; by Trow- 
bridge*s methods, 310, 316; in 
dynamics, 308-312: irregular, ei^ 
rors from, 290; of bullet, 309; of 
efflux, 310, 377; of falling bodies, 
311, 708. 

Velocity of light (3 X lO"), 284, 
552, 557; in ghus (2 X lO^^), 699, 
900 ; in water, 553. 

Velocity of molecules, 681; of roll- 
ing bodies, 308; of sensations un- 
equal, 616, 619. 

Velocity of sound,* 279, 780, 994, 
1160>1164; affected by humidity 
and temperature, 279; by wind, 
280; early det of, 285; formuhe 
and proof, 280, 281 ; in air (332m. 
at0°), 869, 900; in wires, 554; 
longitudinal, 554. 

Velocity of streams, 310, 377; of 
water in tubes, 376, 556, 1149; 
relative, 376 ; uniform, 373, 375. 

Ventilation, 905. 

Vernier, 635-636; -gauge, 5, 73, 
322, 399, 444, 454, 909, 964. 

Versinea, 766, 801. 

Vessels, capacity of, 49; affected 
by temp, and pressure, 538, 540; 
cleansing, 49. 



Vibratkm[s], amstod, 421, 901- 
902 ; complete, 290 ; components of, 
548; counting, 291, 318; created, 
462; energy o^ 388; frequency 
(pitch) of, 694; -galvan<»neter, 460, 
922, 1019 ; isodixonous, arc limited, 
823, 327, 331, 412, 443, 710; laws 
of, 709; longitudinal, 554; method 
of, 411, 460; molecular, 679 ; com- 
ber (pitch), 291; of air in tabes, 
695-696; of light transverse, 548, 
692; of polarized light, 548; of 
strings, 273, 691 s^m^., 1049; rate 
of, 765; torsional, 554; transverse, 
273, 691 tt teq. ; variations in rate 
tabulated, 800. See oscillations. 

View distant, desirable, 231-236; 
instantaneous, 803, 321. 

Violet, Hofmann's, 552. 

Violin bow, 288, 800. 

Virtual foci and images, 239-244, 
701-702, 1047. 

Vis inertiiB, 741. 

Viscosity, 774; coef. of, 556, 856- 
860, 1149. 

Volt (108 C. G. S.), 512, 612, 730, 731 . 

Voltaic battezy or pile (see cell), 
436, 569, etc. 

Voltameter, gas (or water), 557. 

Volt-meter, 515, 524, 534, 536, 1032. 

Volt-ohm, ampere series, 484. 

Volume, 1, 607; and diameter of 
sphere, 72, 799, 812-.813; and linear 
dimensions, 1; calculation of , by 
hydrostatic balance, 45; by sp. gr. 
bottle, 53, 56; constant, sp. ht. at, 
188-189; of gases reduced to 0<^, 
76 cm., 873; resilience or elasticitv 
of, 538, 1151; specific, 57, 743-744'; 
tables for, in spheres, 799, 812-813. 

Volumenometer, 57. 



Walls, distances meas. from, 433. 

'Waste of materials, 927 ; of power, 
435,509. 

Watch, use of, 284. 

Water, apparent sp. vol. of, 875; 
boiling-points of, 778; coef. of 
friction of, 377, 887; density of, 
677-678, 785, 877; density of at 4° 
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(maximiun, 1.00001), 900 ; expan 
sion of, 94, 684; flow of, 376, 713; 

. head of, 730; latent heat of lique- 
faction of (79 or 80), 199, 860 ; la- 
tent heat of vaporization of (536), 
202, 860; mean specific heat of 
(00-100° 1.006), 860, 900; specific 
volumea of, 876; supply of, 906; 
weight in, 14, 43, 55; work of, under 
pressure, 713. 

Water-battery, 566. 

Water^fall, 389. 

Water-hammer, 139. 

Water-motor, 382-385, 536, 920, 
1008-1009. 

Water- voltameter, 557. 

Watt (107 ergs per sec), 473, 484, 
512, 535, 610, 612, 729. See 
power. 

Wave-front, 693. 

Wave-lengths of light, 264-269, 
547, 791, 892; of sodium light 
(.00005893), 605-606, 892, 900; of 
sound, 270-274, 695, 992-993. 

Wave motion, 691, 1160. 

Waves, complete or double, 306; 
estimation of tenths of, 290; shown 
by toothed wheel, 304-306 ; traced 
by fork, 289, 296. 

Weighing-room unnecessary, 905. 

Weight, 742, 954 et seq. ; affected 
by buoyancy of air, 7, 676; and 
mass, 332 ; apparatus for det., 910, 
911; apparent, 671; atomic and sp. 
ht., 686 ; correction of, 38, 672-673 ; 
det. of, by angle of displacement, 
346-347; by balance, 42; by din- 
placement of centre of gravity, 349, 
1002; by lever, 341 et seq.; by 
method of interchange (double 
weighing), 40, 42, 650; by method 
of substitution (Borda's method), 
650; by method of trial, 3; by 
Nicholson's hydrometer, 13; by 
oscillations, 30; by triangle of 
forces, 344 et seq. ; proper method, 
628; effective, 671; in air, 671; in 
grams, 333, 740-742 ; in dynes, 742; 
in liquids, 670; in vacuo, 570; in 
water, 14-16, 43, 55 ; indicated by 
spring balance, 339; molecular 



(atomic)^. 686; of a gram (980 
dynes), 608-609; of results, 1128- 
1129; raised, 381; reduction of to 
vacuo, 45, 47, 50, 671-674 ; standard 
of, 38, 912; -thermometer, 539 et 
teq.f 914. See weights. 

Weights, accuracy of, 677; and 
measures, 898 ; gram (g.), 910 ; kilo- 
gram (k, or kg.)f 921; minimum 
number employed, 631, 633-t634; 
sets of, 3, 8, 28, 910, and elsewhere ; 
safety-valve, 919; standard, 38, 
912; testing, 38. 

Weisbach's coefs. of hydraulic 
friction, 788, 887. 

Wet-bulb thermoneter, 779, 868. 

Wetted surface, area of, 375. 

Wheatstone's bridge, 480, 493, 
558, 559, 562, 732, 1024 et teq.; 
formuIiB for, 483. 

Wheel, of motor, 882; toothed, 301- 
307, 694, 918. 

Wiedemann's method, 515, 518, 
1030. 

Wiedemann and Franz, 591. 

Wind affects sound, 280, 1161. 

Winding, double, 434-435. - 

Window-bars sighted, 359; -glass, 
395; sills, height of, 903. 

Winkelmann*s method, 563. 

Wire, breaking strength of, 367- 
369; coef. of torsion of, 358-360, 
402; cross-section of, 361, 368, 372, 
377; -gauge, 893; of uniform resist- 
ance, 526, 528; stretching of, 360- 
367, 1004; torsion of, 358, 402, 453, 
454, 1004; velocity of sound in, 
654. 

Wires, 918; bridge-, 481; connecting, 
434; crossing of, 486; dynamo-, 
parallel, 434; heating of by cur- 
rents avoided, 436; resistances of, 
891. 

Wood, expansion of, slight, 94; 
grain of, affecting friction, 374. 

Work, 609; and force, 703-717; and 
potential, 1169; apparatus, 920; 
arithmetical, 662-663 ; -bench, 904; 
conservation of, 714-715; done by 
oblique forces, 714; measurement 
of, 713; of water under pressure. 
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718 ; rate of (tea power), (HO; -shop, 
903; spent, 879, 880, 881, 888, 884, 
387, 888, 586; transformed into 
heat, 880, 887 ; nniU of, 609, 899; 
milked, 379, 880, 882, 586. 



Yard, British or sUndard (91.4389 

cm.), 898. 
Tleldinff of support, 864. 
Tonne's modQlns, 860-367, 588, 554, 

775, 920, 1005, 1161, 1158-1160, 

1164; formoljefor, 867; tables for, 

848-847. 
Y-tnbe or T-joint, 270, 912. 



Zero, absolute, of temperature 
(— 273<»C.), 126, 127, 679. 

Zero-error, 621, 648; eliminated 
by methods of substitution and 
interchange, 649-651. 

Zero-reading, of electric-microme- 
ter, 352; of galvanometer-needlesy 
433,434; of sextant, 252; of spec- 
trometer, 258; of spring balance, 
339; of torsion balance, 359. 

Zino, action of nitric acid on, 205- 
210; electro-chemical eq. of (.000- 
8d7g. per amp^re-eec.), 845; heat 
of combination of det, 205 ei seq. ; 
pole of battery negative, 436, 529. 
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